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ISCRAM 2022 KEYNOTE Speakers 

Christian Reuter is Professor at Technical University of Darmstadt. His 
chair Science and Technology for Peace and Security (PEASEC) in the 
Department of Computer Science combines computer science with peace 
and security research. On the intersection of the disciplines (A) Cyber 
Security and Privacy, (B) Peace and Conflict Studies as well as (C) Human-
Computer Interaction, he and his team specifically address (1) Peace 
Informatics and technical Peace Research, (2) Crisis Informatics and 
Information Warfare as well as (3) Usable Safety, Security and Privacy. As 

author and reviewer (since 2009) as well as co-track chair (since 2015) he has been involved in 
ISCRAM for more than one decade. (www.peasec.de/team/reuter) 

Gyöngyi Kovács is the Erkko Professor in Humanitarian Logistics, and the 
Subject Head of Supply Chain Management and Social Responsibility at 
the Hanken School of Economics, in Helsinki, Finland. She is a founding 
Editor-in-Chief of the Journal of Humanitarian Logistics and Supply Chain 
Management (JHLSCM) and is on the editorial board of several other 
journals. She was the first Director of the Humanitarian Logistics and 
Supply Chain Research Institute (HUMLOG Institute) and has published 

extensively in the areas of humanitarian logistics and sustainable supply chain management. 
She was awarded humanitarian logistics researcher of the year 2020 by the American Logistics 
Aid Network ALAN. Currently, she is leading a Horizon 2020 (EU) COVID-19 project called 
“HERoS” (Health Emergency Response in Interconnected Systems).

Keri K. Stephens, PhD, is a Professor in Organizational Communication 
Technology, a Distinguished Teaching Professor, Co-Director of 
Technology, Information, & Policy Institute, and she directs the 
OPTICLab in the Moody College of Communication at The University 
of Texas at Austin. Her research program examines the role of technology 
in organizational practices and organizing processes, especially in 
contexts of crisis, disaster, and health. She has authored over 100 articles 
appearing in research journals, proceedings, and books, and her two most 

recent books are the national-level, award-winning book New Media in Times of Crisis (2019, 
Routledge), and the two-time, national-level, award-winning book Negotiating Control: 
Organizations and Mobile Communication (2018, Oxford University Press). Prior to academia, 
she used her BS in biochemistry degree and worked in the fields of environmental chemistry, 
biopharmaceutical analysis, and laboratory robotics. 

Hedi Karray, Antonio De Nicola, Nada Matta, Hemant Purohit, Linda Elmhadi
Proceedings of the 19thISCRAM Conference–Tarbes, France 

x

https://www.peasec.de/team/reuter


Gregory Allione is the General Controller, Departmental Director of the 
Fire and Rescue Service of the Bouches-du-Rhône, France. "Like most of 
us, I was a volunteer firefighter in my village, in one of these communal 
rescue centers where we enjoy meeting up and getting involved. I was 
barely 17 years old." Originally from the Var, he became a volunteer 
fireman in 1989, then a professional in 1997. He joined the board of 
directors of the Federation in 2003, then left the federal authorities in 
2010 to serve the State and carry the voice of firefighters. He thus became 
social advisor to the Director General of Civil Security and Crisis 

Management, then civil security advisor to the Minister of the Interior in 2012. In October 2014, 
he is appointed chief of corps, departmental director of Bouches-du-Rhône. He is again elected 
to the Federation's Board of Directors in September 2015 and then joined the Executive 
Committee as Vice President in charge of strengthening the role of firefighters in civil security 
and crisis management. He has been President of the Federation since October 12, 2018 and as 
such he sits on the national governance bodies of fire and rescue services (National Commission 
of Fire and Rescue Services, National Council of Volunteer Firefighters, Association for the 
Loyalty and Recognition Benefit, Monitoring Committee of the National Sdis-SAMU 
Reference System). 
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Chandramouli

Sdongos, Spyridon Kintzios, Maike Overmeyer, Katerina Margariti, and Krishna

Organized by: Anastassios Karakostas, Stefanos Vrochidis, Claudio Rossi, Evangelos

Analytics and AI for Disaster Risk Reduction

Workshop 02: Intelligent Crisis Management Technologies (ICMT) : Big Data

Management (2020-2022).
EU project Smart Mature Resilience 2015-2018 and with the Systemic Pandemic Risk
national. Since 2015 the approach has been applied to societal security, starting with the H2020
being an essential part of the risk assessment of large projects in a North American multi-
graphs. The approach was used extensively in industrial applications, including in the 1990’s

disciplines and analysis of the risks with powerful mathematical methods applied to directed
based on building a risk system using causal maps with teams of experts covering relevant
strategyfinder tool build on 25 years of experience with systemic risks. It is a unique approach
and used by the team of Professor Colin Eden at Strathclyde University. The approach and the
technology building on the tools Group Explorer and Decision Explorer that were developed
1990ies. The methods are supported by the tool strategyfinder™, which is an internet-based
project extend methods for systemic risks assessment and management developed since the
politicians, and others). The methods developed in the Systemic Pandemic Risk Management
(including crisis management, infection diseases, health care, welfare, crisis communication,
management in collaboration with a team of practitioners covering a wide area of competencies
Pandemic Risk Management project (2020-2022) for systemic risk assessment and
of Disaster Risk Reduction). The workshop introduces the method developed in the Systemic
Assessment Report on Disaster Risk Reduction 2019 [GAR2019] by the United Nations Office
central challenge of the first half of the twenty-first century” (quote from p.65- 66 in the Global
vicious cycles of risks. Methods and tools to assess and manage systemic risks “will be the

system where a single risk can cause a plethora of other risks, and, very importantly, cause
risks are risks themselves and where the resulting consequences can be complex. Risks are a
interdependencies create a system of associated risks and outcomes, where the outcomes of
Risks are interdependent in the complex networks of an increasingly interconnected world. The

Organized by: Jose Julio Gonzalez and Colin Eden

Workshop 01: Systemic Risk Assessment and Management

Workshops

Big Data and Artificial intelligence (AI) technologies, in particular affected by machine and
aqua3S, IN-PREP, NIGHTINGALE, FIRELOGUE, FIRERES, DRYADS and SILVANUS.
by relevant EU H2020 co-funded projects like beAWARE, SAFERS, INGENIOUS, CURSOR,
them during an incident. EU research is rather interested in this domain, which is also reflected
planners and responders are able to exploit a wide variety of ICT technologies and tools to assist
and property. Given the advancements of Information Technologies lately, the response
significant risk exposures to communities, and limited resources result in significant loss of life
or county responsible for preparing for the disasters. This fragmented approach often creates
splintered structure dominated the emergency management landscape, leaving each community
Major disasters create extreme stresses on the building elements of a community. Until now, a

https://iscram2022.enit.fr/Workshops/WS1.pdf
https://iscram2022.enit.fr/Workshops/WS2.pdf
https://iscram2022.enit.fr/Workshops/WS2.pdf


  

 

 

 

 

  

 

  

  

 

 

Organized by: Agnès Voisard and Christian Després

Workshop 04: Crisis Anticipation : concepts, methods and systems

during the workshop.
and technical configurations create different ecosystems of practice which we will be exploring
media) are general and rarely customized. This, combined with environmental, organizational,
classification, analysis and reporting of insights from publicly available sources (such as social
activity leveraged by PSOs, the social media analytics tools used to aid the extraction,
items that could improve current activities. While social media use is a highly contextual
of placement of social media activities and subsequent challenges or practitioners “Wishlist”

of practitioners, researchers and social software designers will be exposed to different examples
experienced by these public service organizations (PSO). To do so, the ISCRAM community
aligned to current processes present in organizations. We focus on the crisis management cycles
validated by participants. The aim of the workshop is to ensure that social media use is more
processes with their characteristics will be exposed, and a potential maturity model will be
social media as a source of information in organizations offering public services. Different
This workshop seeks to showcase results from a series of interviews about the current use of

Organized by: Lucia Castro Herrera and Terje Gjøsæter

social media as a source of information

Workshop 03: Listening to listeners: current approaches and challenges in using

workshop following the very successful ones in ISCRAM 2018 and 2019 and 2021.
directions of Big Data and AI for Disaster Risk Reduction. This is the fourth ISCRAM ICMT
society. The main outcome of the workshop will be a white paper which will outline the future
technologies. The workshop targets end users, industry partners, academic researchers, and civil
applications, as well as the ethical, legal, and social implications posed by the adoption of these
disaster management through discussing the current status of AI technologies, their potential
advance the understanding of the current and prospective opportunities and risks of AI for
systems and privacy concerns) need to be resolved. This workshop aims to provide a forum to
but adoption is still pending in several cases as important issues (such as the auditability of AI
resources, and others. Many countries are exploring AI technologies for disaster management,
IoT sensors, (iii) Web and social data mining, (iv) predictive analytics for optimising end-users
computer vision tools for automated event detection, etc. (ii) autonomous robotic systems and
to significantly enhance disaster risk reduction, through their application, for instance, in (i)
deep learning paradigms, are advancing at an astounding pace and appear to have the potential

Hedi Karray, Antonio De Nicola, Nada Matta, Hemant Purohit, Linda Elmhadi

Proceedings of the 19thISCRAM Conference–Tarbes, France 

observed, • Assess the evolution of these phenomena or events, • Propose a response strategy.

following objectives : • Bring elements of understanding of abnormal phenomena or events

making. It is no longer a question of quantitative work, but of qualitative work with the
been less developed: that of the anticipation function. This function is essential for decision
of our workshop is precisely to take into account another aspect of crisis management that has
acquiring a precise, synthetic, and a as complete vision as possible of the situation. The purpose
flows. Their importance had the effect of saturating the managers and prevented them from
be recognized that the main efforts have been aimed at improving the control of information
Crisis management is a subject that has evolved considerably in recent years. However, it must
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This function allows the creation of new reference points for the authorities and empowers them 
to regain initiative. Next to the communication function, the anticipation function participates 
in the development of the strategy to be adopted when the situation and conduct functions 
constitute de tactical level of the response.  

xxii 



Tutorials 

Tutorial: Trust and reliability of social data for crisis management and analysis 

Organized by: Valentina Dragos, Delphine Battistelli, and Farah Benamara 

This tutorial investigates several issues of using social data analysis in critical situations, and 
focuses on two critical notions: trust and reliability. Social data is understood as information 
collected from social media including various networks and platforms that show what online 
users publish on those platforms but also how they share contents or engage with other users. 
Although there are many significant benefits associated with social media platforms, certain 
characteristics can lead to a dangerous social environment. During crisis events, when 
information integrity is of the upmost importance to the safety and well-being of affected 
citizens, rumors and false flags can produce disinformation, misinformation and misled online 
and offline users worldwide. In addition, it also threatens the reliability of social media use for 
emergency and risk communications. “Can we trust online data” is the main question to be 

addressed when exploring social media as a resource for crisis management. More specifically, 
two research questions will be answered in this tutorial: Q1: Can machine-learning algorithms 
accurately predict the veracity of online contents? and Q2: Can online data always be used as a 
reliable resource for crisis management or analysis? These questions are motivated by the 
practical need for more efficient methods to monitor the quality of online data before using data 
as input for decision-making procedures. In order to answer these questions, we have conducted 
a literature survey illustrating several critical aspects of practical use of social data during crises. 
The tutorial will be structured in three main chapters described hereafter. The first chapter is 
entitled “Trust and reliability in the cyberspace” and investigates the notions of trust and 
reliability for artefacts in the cyberspace, ranging from information items to sources to more 
sophisticated structures such as virtual communities. The chapter shows that trust may be 
diminished is spite of the tremendous volume of information and that the cyberspace is prone 
to phenomena causing harm to data completeness and credibility, such as information filtering, 
echo chambers, bubble filters. The second chapter investigates the nature of social data, asking 
the question of whether social data conveys factual and useful pieces or information or rather 
subjective content in the form of personal opinions, beliefs and impressions. The discussion is 
based on three illustrations of social data analysis. The first one is a study conducted to analyze 
the spread of fake news in the aftermath of Boston marathon bombing, the second tackles the 
analysis of subjectivity underlying the propagation of concepts related to extremist ideologies 
(far right extremism, white supremacy, etc.) in the cyberspace and the last one discusses issues 
of influence detection during elections. The last chapter concludes the tutorial and presents a 
walk-through of several ongoing projects and initiatives addressing the many facets of social 
data analysis for crisis management. 
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ABSTRACT 

A number of residents are presumed to evacuate to shelters after a large earthquake. However, the congestion of 
evacuation shelters has not been enough discussed. In this paper, we propose an evacuation behavior model, which 
includes sub-models on building damage, water-supply failure, power failure, fire damage, and elevator stall. 
Using the model estimated using the survey data of the past earthquakes, we discuss the congestion of evacuation 
shelters under the assumption of Tokyo Bay northern earthquake. Finally, we discuss improvement of water pipes 
for earthquake resistance to reduce the congestion degree of evacuation shelters, which varies according to 
regional vulnerability. 

Keywords 

large earthquake, evacuation shelter, building damage, water-supply failure, simulation, evacuation behavior. 

INTRODUCTION 

A northern Tokyo Bay earthquake (M7.3) is expected to force approximately 3,390,000 people out of their homes 
(to become shelter residents) throughout the Tokyo area, and of these, about 2,200,000 people, will be forced to 
become shelter residents (Tokyo Metropolitan Government, 2015). 

Using these estimates, the Tokyo Metropolis has designated primary and secondary shelters that can house a 
maximum of approximately 3,280,000 persons (Tokyo Metropolitan Government, 2018). In order to minimize 
confusion and trouble at those sanctuaries, they must first be established, and then refugee preparations must be 
considered based on the severity of crowding that would be expected at each of the respective shelters. However, 
it cannot be taken for granted that there will be an appropriate balance among the shelters in terms of levels of 
local physical damage, numbers of shelter residents, and the scale of each shelter itself. In particular, the spatial 
distribution of all these factors must be considered. Thus, it is extremely difficult to foresee the severity of 
crowding at any one shelter.  

Among the existing reports on shelters is the detailed survey published by Sakata et al. (1997), in which they 
analyzed the evacuations in Nada Ward of Kobe City after the southern Hyogo Prefecture earthquake of 1995. 
This report is interesting in that it describes the characteristics of the various evacuation zones, which differed in 
their family types: some zones were home mostly to older adults, while others had a preponderance of households 
with infants or small children, etc. It also provided information from evacuees on how the zones had influenced 
their choices of shelters. These factors were the individuals’ typical daily activities, the consciousness of the 
presence of the shelters, etc. In a separate study, Seto et al. (2016) employed statistics on crowding based on the 
location information of cell phone users to estimate the numbers of people present in the shelters at one-hour 
intervals after the 2016 Kumamoto Earthquake. By making comparisons with the numbers of people present in 
the shelters during ordinary times, they showed where and to what extent crowding had occurred. 

However, most existing studies discuss problems and arrangements in shelters during the crowded period after a 
disaster (such as meals, hygiene, and relief supplies); also, they typically survey a small number of shelters. 
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In this paper, we assume that an earthquake has occurred directly under northern Tokyo Bay and analyze the effect 
on the Tokyo ward area (the 23 wards of the Tokyo Metropolis) itself. We examine the extent of physical damage, 
and as a result, what number of evacuees will appear at shelters, when and which shelters they flee to, how 
crowded the shelters become, and how the situation continues to unfold. We also propose and validate measures 
to reduce the number of shelter residents and to efficiently and effectively minimize shelter crowding. As an 
example, we demonstrate that it is effective to promote seismic retrofitting of water pipes, in order to reduce the 
number of evacuees caused by water pipe failure. However, it is impossible to promote seismic retrofitting of 
water pipes in all areas within a limited budget, and it is not efficient in terms of preparing for an imminent large 
earthquake. Hence, by conducting experiments using the simulation model constructed in this paper, we will 
examine the effectiveness of seismic retrofitting of water pipes. 

CONSTRUCTION OF PHYSICAL DAMAGE MODEL 

Figure 1 shows the outline of physical damage model composed of some sub-models, namely, building damage 
model, fire damage model, model of water-supply failure, model of power failure, and elevator stall model. 

Figure 1.  Outline of physical damage model 

Building Damage Model 

In this study, we adopt the fragility curve for estimating building damage in the model developed by Murao and 
Yamazaki (2000) based on damage survey data taken after major earthquakes in the past. The significant 
advantages of this model are that the needed data are available without too much difficulty and that it allows 
estimates of building damage over a wide area. Osaragi et al. (2015), Hirokawa and Osaragi (2016) describe the 
data used and the process of calculations in detail. 

Fire Damage Model 

This study uses a building type fire risk model in which the probability of a fire outbreak is calculated for each 
building individually, based on various factors. This model was constructed by Tokyo Fire Department (1993, 
2005) based on precise investigations on previous disasters and literature reviews on academic research. These 
include ownership frequency of all kinds of high-temperature equipment such as electric heaters and gas-fired 
cooking stove burners, which vary with the building type; usage of each type of equipment in each season and at 
each hour of the day; and the probability of a fire outbreak from any given type of high-temperature equipment 
estimated for given earthquake magnitudes. The damage in urban regions caused by the spread of fires from their 
outbreak locations (fire damage) is estimated using a fire spread simulation model constructed by Hirokawa and 
Osaragi (2017a), who combined a fire spread speed model (Tokyo Fire Department, 1993, 2001) and the distance 
limit of the fire spread (Iwami et al., 2006). 

23 

CoRe Paper – Analytical Modeling and Simulation
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022



Osaragi et al. Crowding at Evacuation Shelters after a Major Earthquake 

Model of Water Supply Failure 

Overview of water supply failure simulation 

Previous estimates of water supply failures after a major earthquake (Tokyo Metropolitan Government, 2015) 
have considered municipal regions divided into spatial grid cells, but this method is inconvenient when accounting 
for the characteristics of pipe networks during water supply failures. For example, when a given water pipe 
ruptures, only users on the downstream side suffer water supply failure; network users between the break and the 
supply side (upstream of the break) are unaffected. However, this characteristic was not taken into account in 
previous estimates. Therefore, in this study, the water supply failure simulation model for fire hydrants constructed 
by Hirokawa and Osaragi (2017b), which takes water pipe networks into consideration, was expanded to predict 
water supply failures in individual buildings. The model of water supply failure developed in this study should be 
analyzed carefully. However, we omitted its detailed process, since the original model, the water supply failure 
simulation model for fire hydrants, was already well analyzed and examined. 

Approximation of water pipe network 

Although GIS data for Tokyo’s water pipe network have not been publicly revealed for reasons of security, 

Kobayashi et al. proposed a way to approximate this network by using the street network data, since water pipes, 
gas pipes, and other infrastructure are commonly buried beneath streets (Kobayashi et al., 2013). They showed 
that the water pipe network could be guessed with high accuracy in densely inhabited districts (DIDs), aside from 
locations such as overpasses, underpasses, private roadways, etc. With that point in mind, since the entire Tokyo 
ward area is a DID, this paper will use their procedure to approximate the water pipe network. The pipes will be 
assumed to be laid in a tree network, where the roots are the water supply facilities. However, since water pipe 
networks are laid in a grid pattern to eliminate supply failures when trouble occurs in one location, in this report, 
multiple tree networks originating from different water supply facilities will be overlapped to mimic this 
redundancy. 

Next, in order to approximate a water supply failure while accounting for water supply network characteristics, 
the water supply facilities were connected to buildings with the water pipe network, and the direction of water 
flow was set to be away from the water supply facilities to the buildings. This supply is assumed to be conducted 
by the shortest path (shortest length of pipe) through the network in accordance with a network search algorithm 
(Dijkstra’s algorithm) (Fig. 2). 

Model of probability of rupture of water pipes 

According to the Tokyo Metropolitan Government, the number of expected ruptures ED(Pi,E) in pipe Pi, given 
earthquake strength E, is calculated as follows  (Tokyo Metropolitan Government, 2015); 
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where L(Pi) is the length of the pipe [km], CD(Pi) is a correction coefficient for pipe Pi depending on its type and 

Figure 2.   Data used for estimation of structure of pipeline network and direction of water flow 
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diameter (Table 1), and PGV(Pi,E) and CPL(Pi) are the maximum ground velocity [cm/s] at the location of Pi and 
the correction coefficient for the liquefaction index (PL value) (Table 2). The number of expected ruptures 
ED(Pi,E) of the water pipe depends on the type of water pipe and the diameter of the pipe. CD(Pi) is the value to 
adjust the difference due to the type and diameter of water pipe. The higher this value, the larger number of 
damaged parts of the water pipe will increase. This model was constructed by Tokyo Fire Department (2015) 
based on precise investigations on previous disasters and literature reviews on academic research. The liquefaction 
index (PL value) is calculated from the safety rate to liquefaction for every depth derived from drilling data, 
geology sections and conditions of geomorphological unit. The PL value is adopted in earthquake damage 
assessment of many local governments in Japan. 

Table 1.  Correction coefficient CD(Pi) by pipe diameter (road width) 

Road width ～ 6 m 6 m～ 8 m 8 m～ 10 m 10 m～ 

Estimated value of pipe 
diameter 

～ 75 mm 100 mm～  450 
mm 

500 mm～  900 
mm 

1,000 mm～ 

Ductile cast iron pipe  
(with seismic coupling) 

0.0 0.0 0.0 0.0 

Ductile cast iron pipe  
(without seismic coupling) 

0.6 0.3 0.09 0.05 

Table 2.  Correction coefficient CD(Pi) by liquefaction risk rank 

PL value Correction coefficient 

PL = 0 1.0 

0 < PL ≦ 5 1.8 

5 < PL ≦ 15 3.2 

15 < PL 8.8 

Next, assuming that the probability of rupture is uniform and independent throughout the various locations, the 
probability PD (Pi, k, E) of the number of ruptures k of pipe Pi, given earthquake strength E, is given by the Poisson 
distribution; 
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Thus, we can express the probability PDL(Pi, E) that at least one break will occur in water pipe Pi of length L [km] 
using ED(Pi,E) in the following expression (Hirokawa and Osaragi, 2017b); 
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However, since it is difficult to obtain precise values for the PL value from boring data at all of the locations, the 
image data for the liquefaction indices published in the Estimate of Earthquake Damage in Tokyo (Tokyo 
Metropolitan Government, 2015) (grid cell size = 250 m) were used (Fig. 3). It is also difficult to obtain data about 
the correction coefficient CD(Pi) for pipe type and diameter, so the pipe was assumed to be the most common type, 
ductile cast iron (without seismic joints). Pipe diameter was set according to roadway width (Table 1). 
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Prediction of buildings affected by water supply failure, according to reachability analysis 

The buildings to be affected by a water supply failure were predicted by first estimating the pipe rupture locations 
using the probability of rupture of water pipe model, and then determined by the possibility of water reaching the 
building from the water supply facilities (via a network analysis) (Fig. 4). Actually, this is also affected by the 
level of damage (leakage, pressure losses, water supply failure), but those factors are neglected here to preserve 
the simplicity of the model. 

Model of Power failure 

A power failure is estimated using the power failure rates (Fig. 5) for each ward published by the Tokyo 
Metropolitan Government (Tokyo Metropolitan Government, 2015). Specifically, the rates were employed with 
uniform random numbers to determine stochastically whether each building in a given ward would be affected by 
power failure. As shown in Fig. 5, the model of power failure is not as accurate as other models from the view 
point of spatial accuracy. To the extent of the information currently available, this is the limitation of this model. 
The credibility of this model should be scrutinized using the abundant data accumulated by electric power 
companies in the future. 

Figure 3.   Estimated liquefaction index (PL value) based on damage estimate by Tokyo Metropolitan Government 

Figure 4.   Estimation of broken pipes and buildings with water-supply failure by reachability judgment analysis 
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Elevator stall model 

Elevator stall occurrence was predicted using statistical data for the installation of elevators in buildings at least 
four stories high (Table 3) (Statistics of Japan, 2013) with random numbers to estimate the numbers of buildings 
at least four stories high actually containing elevators. Next, statistical data for the occurrence of elevator stall as 
it varied with earthquake severity (Table 4) (Tokyo Metropolitan Government, 2012) were used in combination 
with random numbers and the estimated earthquake severity in each location to calculate the elevator stall 
occurrence rate. The parameter values shown in Tables 3 and 4 are obtained from past earthquake disaster damage 
surveys. Although the progress of elevator technology has been remarkable in recent years, the elevators installed 
in existing buildings are based on old technology. Therefore, these parameter values are considered to be generally 
appropriate. 

Table 3.  Elevator installation rate by the floor number of building 

Number of stories 4 stories building 5 stories building 6 or more stories building 

Installation rate of elevator 16.3 73.2 100.0 

Table 4.  Rate of elevator stall 

Seismic intensity Less than 4 Lower 5 Upper 5 Lower 6 Upper 6 7 

Rate of elevator stall 0 % 1 % 8 % 15 % 20 % 25 % 

CONSTRUCTION OF EVACUATION BEHAVIOR MODEL 

Outline of evacuation behavior model 

Figure 6 provides an outline of the calculation process of the evacuation behavior model. First (1), the physical 
damage models in the previous section were used to create an estimate for each building with respect to building 
damage, fire damage, water supply failure, power failure, and elevator stall. Next, (2) it was estimated whether 
users of the buildings with at least one of those damage types would seek to evacuate (whether to evacuate). When 
it had been determined that the users would evacuate, (3) the clock time when the users begin to leave (evacuation 
time) was estimated. Simultaneously, (4) the damage factors that were the users’ reasons to evacuate (evacuation 

factors) were determined. Additionally, (5) the shelter that was the destination for evacuating was selected, and 
(6) the clock time of arrival at the shelter (evacuation completion time) was determined.

Figure 5.   Power failure rate by ward 
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Figure 6.  Calculation process of evacuation behavior model 

Determination as to whether to evacuate 

Statistical data on the variation in the rate of evacuation with the type of physical damage (Table 5) (Tokyo 
Metropolitan Government, 2015) were employed with random numbers to estimate whether the users of each 
building would decide to evacuate. This calculation was performed for each damage type in the case of any 
building that had been determined to receive more than one type of physical damage, and if either calculation 
yielded a decision to evacuate, the evacuation was assumed to occur. The parameter values shown in Table 5 are 
obtained from past earthquake disaster damage surveys conducted by Tokyo Metropolitan Government. 
Evacuation rate is dependent on many factors which include the degree of disaster damages, the local 
characteristics, time and season. It is therefore difficult to analyze the compatibility of these values for other 
regions. Detailed analysis on evacuation rate should be scrutinized in the future. 

Table 5.  Evacuation rate by physical damage 

Elevation Factor Evacuate Not evacuate Unknown 

Total collapse / fire loss 100.0 0.0 - 

Half collapse 50.3 49.7 - 

Power / water-supply failure 45.4 33.0 21.6 

Elevator inoperative 10.7 69.5 19.8 

Next, using the estimate of damage by the Tokyo Metropolitan Government (Tokyo Metropolitan Government, 
2015), the building users who have been determined to evacuate were sorted into two groups, those who sought 
refuge in a shelter (shelter residents) and those who sought refuge in regions outside the affected region (the Tokyo 
Metropolis) struck by the earthquake, typically at the homes of relatives or friends (refugees). These groups are 
estimated to show a 65:35 ratio in a population. When buildings were single-family houses, however, this 
population was assumed to all seek refuge in a shelter together, with a probability of 65%. When buildings were 
complex housing, 65% of the population was assumed to seek refuge in a shelter and the other 35% of the 
population was assumed to become refugees. 

Determination of evacuation time and evacuation factor 

Buildings that have taken serious structural and fire damages are no longer inhabitable, so users must evacuate 
immediately. However, users can afford to wait for some period of time before leaving when their building has 
lost “lifelines” such as electric power or water. Functions were formulated (Fig. 7) to express the relationship 
between the time elapsed after a disaster and the rate of evacuation from the results from a questionnaire and 
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surveys taken after the Kumamoto Earthquake (Ogino et al., 2016, 2017a; Institute for Human Diversity Japan, 
2018).  

When building users had multiple reasons to leave, the evacuation times were calculated using Fig. 7, and the 
reason driving the earliest evacuation was considered the evacuation factor. Additionally, the network distance 
was estimated by the shelter selection model described below at 12 times the straight-line distance from the 
building to the shelter. This was converted to travel time to find the evacuation completion time. 

Figure 7.  Relationship between elapsed time since disaster and evacuation rate 

Shelter selection models 

Three models (Voronoi model, Huff model, and logit model) were constructed to describe the evacuees’ process 

of selection of a shelter (shelter selection models), taking the factors affecting selection behavior into account, 
and were then validated. 

In the Voronoi model, the local area was Voronoi-divided in the vicinity of the Voronoi site, and the evacuees 
were assumed to select the shelter (site) in their own Voronoi region. In other words, this model assumed that they 
selected the nearest shelter. 

Sakata (2000) explained shelter selection behaviors in Nada Ward of Kobe City after the southern Hyogo 
Prefecture earthquake using the Huff model. The rate of selection of shelters was described by the explanatory 
variables of shelter scale and distance from the evacuees’ homes to the shelter. This model showed good 
descriptive power. The shelter scale is expressed in this study by the building area [m2]. The distance resistance 
parameter was set at the value of 4.15 estimated in the studies by Sakata et al. (1997). 

In the logit model, the scale of the shelter (building area), distance from an individual’s home to the shelter, and 

the difference in elevations between home and the shelter location (shelter elevation − home elevation) were the 

characteristic variables for explaining the utility of the shelters. A descriptive variable was also added to the 
characteristic function in order to incorporate familiarity with the shelters. This variable had the value of 1 when 
the shelter was an elementary school and the home was in that school’s district, and 0 otherwise. 

In the confused situation after the occurrence of a huge earthquake, it is difficult to collect information on the 
congestion situation of each evacuation center, and it is also extremely difficult to continuous stream of 
information coming to people regarding what shelter is busy. Therefore, in this study, we assumed that people are 
blind to how busy a shelter is throughout the whole earthquake. However, since this information affects the 
behavior of evacuees, we need to investigate effects of providing such information on the severity of crowding at 
each shelter in the future. 

Validation of Shelter Selection Model Using Data from Southern Hyogo Prefecture Earthquake 

We attempted to validate this model using the household data of individuals from a certain area of Nada Ward, 
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Kobe City who had used the shelters listed in Table 6 following the devastating earthquake in Kobe (southern 
Hyogo Prefecture earthquake of 1995), using the data gathered in surveys by Sakata (2000) and Tokyo 
Metropolitan Government (2018). Table 6 and Fig. 8 show the building areas of the seven shelters with the 
numbers of households staying there and the spatial distribution of the shelters, respectively. We traced the results 
of their surveys for the location of houses of households using the shelters and shelters they selected. We treated 
the shelters in Iwaya Community Welfare Center, Nishinada Kindergarten, and Iwaya-Kita Park as a single entity, 
because they were located quite close together and were managed as one by the same authority. 

Table 6.  Building area and the number of households by evacuation shelter 

No. Name of shelter Area of shelter [m2] 
Number of households 
actually evacuated 

1 Iwaya community welfare center 987 117 

2 Hieda elementary school 3,049 267 

3 Fukuzumi elementary school 1,299 151 

4 Maya elementary school    1,818 248 

5 
Seiyo-higashi handicapped  

children's school, etc. 
2,532 472 

6 Kobe high school 2,187 368 

7 Oji sport center 3,925 234 

Figure 8.  Spatial distribution of evacuation shelters (Kobe Earthquake, 1995) 

Table 7 provides the fitting rates for each model, which indicates what percentage of the total sample was correctly 
estimated by the model. Even the quite simple Voronoi model accurately predicted the shelter chosen by the 
evacuees and is an effective method for simply describing shelter selection behaviors. The Huff model also 
boasted a high fitting rate. The reader can see that distance resistance has a strong effect on shelter selection 
behavior. 
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Table 7.  Fitting rate of each model for the data of Kobe earthquake 

Fitting rate [%] Likelihood rate 

Voronoi model 59.4 
Huff model 56.8 

Logit model (1) [A, B, C,   ] 61.4 0.348 

Logit model (2) [A, B,   , D] 58.9 0.390 

Logit model (3) [A,   , C, D] 31.0 0.076 

Logit model (4) [  , B, C, D] 56.8 0.384 

Logit model (5) [A, B, C, D] 57.8 0.398 

Table 8 shows the standardized estimated parameters for the logit model. As seen in the Huff model, the larger a 
shelter was and the closer it was to home, the more likely it was to be chosen. The location of the home in a school 
district was also a statistically significant parameter; the role of elementary schools, a regional center as an 
ordinary and familiar location was apparent here. There was a positive value for the standardized estimated 
parameter of elevation difference, and this may be because the region examined here had a high elevation with 
relatively little damage.  

Residents do not always know the locations of all the public facilities in their areas. However, everyone knows 
the location of the primary school, and this is especially true for those who were born and grown up in the area. 
As a core facility of the local community, an elementary school is expected to play an important role not only in 
normal times but also in emergencies. The results of analysis showed that the conventional facility selection 
behavior model, whose explanatory variables are the distance to facility and the scale of facility, could not explain 
enough. More precise estimation will be expected if we specify the residential areas assigned to each school 
district and incorporate it into the model. 

Table 8.  Standardized estimated parameters of logit model based on Kobe Earthquake 

Road width Building area Distance School district Elevation 

Logit model (1) 0.322** -1.84** 0.124** - 

Logit model (2) 0.283** -2.39** - 0.949** 

Logit model (3) 0.253** - 0.423** 0.0521 

Logit model (4) - -2.31** 0.150** 1.04** 

Logit model (5) 0.289** -2.30** 0.162** 1.00** 

**: Statistically significant at 1% 

Figure 9(a) presents the actual shelter selection behavior and Fig. 9(b) presents the selection behavior predicted 
by the logit model (1) (characteristic variables: shelter area, distance, and school zone). The reader can see that 
the predicted spatial distribution of the selection behaviors was generally correct. 

31 

CoRe Paper – Analytical Modeling and Simulation
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022



Osaragi et al. Crowding at Evacuation Shelters after a Major Earthquake 

Figure 9.  Actual evacuation shelter selection behavior and estimation result of logit model 

However, the fitting rate for evacuees who had no shelter near their homes tended to diminish as the evacuation 
distances increased (Fig. 10). This was probably due to factors not covered by the above variables, for example, 
the severity of crowding at a shelter, the quality of a shelter environment, the surrounding environment, and the 
presence of people known to the evacuees. The severity of crowding at each shelter (congestion degree) is 
described as a value obtained by dividing the number of shelter residents by that of the assumed number in a 
disaster prevention planning. 

Figure 10.  Fitting rate according to distances to evacuation shelters 

Validation of Shelter Selection Model using Kumamoto Earthquake Data 

The shelter selection model constructed in the previous section was tested to validate whether it would correctly 
predict such behaviors in a different major earthquake. Survey data from the Kumamoto Earthquake (2016) were 
used to check each model. The parameters for each model were those used in the survey of southern Hyogo 
Prefecture earthquake of 1995 as-is. This also validated the robustness of those parameters. 
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The main areas surveyed were Higashi-ku of Kumamoto City and Mashiki Town of Kamimashiki District, both 
of which sustained the heaviest damages during the Kumamoto Earthquake. A questionnaire was created 
regarding evacuation behaviors while seeking shelters (Ogino et al., 2016, 2017a) at that time. Of the 190 
households who returned responses, 51 provided their addresses and indicated that they stayed in shelters (not 
including cars). The 24 shelters used by those households are analyzed here (Fig. 11). 

Table 9 shows the fitting rates of each model. Since the fitting rates of the Voronoi and Huff models were over 
50%, it is clear that they are simple but effective procedures for predicting selection behaviors. Logit models (1), 
(4), and (5) boasted fitting rates over 60%, and were considered to show an excellent degree of consistency. Thus, 
we expect the logit model, which was constructed using the survey data from the southern Hyogo Prefecture 
earthquake, to describe the shelter selection behaviors after other earthquakes quite well. 

Table 9.  Fitting rate of each model for Kumamoto earthquake data 

Fitting rate [%] 

Voronoi model 54.9 
Huff model 56.9 

Logit model (1) [A, B, C,   ] 60.8 

Logit model (2) [A, B,   , D] 58.8 

Logit model (3) [A,   , C, D] 33.3 

Logit model (4) [  , B, C, D] 60.8 

Logit model (5) [A, B, C, D] 60.8 

Figure 11.  Spatial distribution of target evacuation shelter (Kumamoto earthquake) 

ESTIMATE OF CROWDING IN SHELTERS AFTER MAJOR EARTHQUAKE WITH EPICENTER IN TOKYO 

Simulation Assumptions 

In this study, 100 cases of varying physical damage (building damage, fire damage, water supply failure, power 
failure, elevator stall) were created on the assumption that a northern Tokyo Bay earthquake of magnitude 7.3 
struck at 6:00 on a winter evening while the wind was blowing from the north at 8 m/s. Simulations were carried 
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out of the evacuation behaviors using the series of models described through the preceding section, encompassing 
the various physical damage cases, for the two days (48 hours) following the disaster in the Tokyo ward area 
(below, evacuation behavior simulation). Logit model (1) was employed for this. 

Let’s begin with an overview of the method and the data used for the various estimates of physical damage. The 

building data are from a 2011 survey of the current conditions of buildings in the Tokyo ward area and covered 
some 1,748,615 structures. For information about shelters, the National Land Numerical Information Download 
Service (2012) (Ministry of Land, Infrastructure, 2018) was used. These data describe the evacuation shelters 
shown in the regional disaster plan created by the Tokyo Metropolitan Government and those of its component 
cities and wards, as specified by the Basic Act on Disaster Management.  

The official number of all shelters in the Tokyo Metropolis is 3,809, but no precise number has ever been 
announced for how many people these can accommodate. Assuming that the capacity of each shelter is 
proportional to the scale of the facility, we (1) found the floor area of each facility from a survey of current uses 
of land and buildings (2011), and then (2) distributed the total announced capacity of evacuees (3,280,000) among 
the announced shelter proportionally to their floor areas in order to estimate the capacity of each individual shelter. 

It is common to analyze the turmoil immediately after the disaster using a transient population distribution 
(daytime population distribution), since it is unknown what time a large earthquake will occur. For this purpose, 
we need to use the data on transient occupants of the Tokyo urban area, which can be estimated for each building 
and each hour of the day using person-trip survey data (PT data) taken in the Tokyo Metropolis and residential 
floor area data (Osaragi, 2020; Osaragi and Kudo, 2021). However, it is expected that transient occupants away 
from their homes at the time of a disaster will return to their households and then evacuate with their family. 
Therefore, as part of the process of estimating the number of evacuees, the numbers of that group were calculated 
using the spatial distribution of the population at night time. 

Figure 12 shows the ward-wide status of the seismic retrofitting of water pipelines for each ward of Tokyo (as of 
end FY2015) (Bureau of Waterworks, 2018). It was not stated which of the pipes have been retrofitted, but 
generally, the mains buried beneath the widest streets are the most important water pipelines, and are the most 
likely to be retrofitted first. The pipes were identified in order of largest diameter and it was assumed that the 
pipes had been already retrofitted in this order until the indicated seismic retrofitting rate was reached. 

Figure 12.  Status of earthquake resistance of water pipeline for each ward 

Results of Evacuation Behavior Simulation 

Numbers of shelter residents, by evacuation factor 

Figure 13 shows the mean number of shelter residents, grouped by evacuation factor, from the results of 100 runs 
of the evacuation behavior simulation. It is estimated that about 2 million among the ward population will become 
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shelter residents. About 700,000 of these are accounted for, each, by the factors of building damage and water 
supply failures; thus, these two are the main evacuation factors. They are followed by estimated numbers of 
450,000 due to power failure, 50,000 due to fire damage, and 30,000 due to elevator stall. 

Figure 13.  Number of people staying at shelters by each evacuation factor 

Severity of crowding at shelters 

The severity of crowding in a given evacuation shelter is defined as the ratio of the shelter residents to the 
estimated capacity of the shelter (estimated in the evacuation behavior simulation). Figure 14 shows the fraction 
of shelters where the severity of crowding exceeds 1.0 and how the number of residents changes with time. The 
number increases sharply just after the disaster, due to building and fire damages. At 12 hours after the disaster, 
the total number of shelter residents surpasses 1 million, and the severity of crowding surpasses 1.0 in about 20% 
of the shelters. After 24 hours, the severity of crowding exceeds 1.0 in nearly 40% of the shelters, and after 48 
hours, this is reaches 1.0 in over 50%. 

Figure 14.  Trends of congestion situation and the number of people in evacuation shelters 

Figure 15 provides the number of shelter residents in each shelter 48 hours after the disaster and the spatial 
distribution of crowding. The severity of crowding exceeds 1.0 in many of the shelters in east and south Tokyo. 
Notably, Arakawa Ward, Sumida Ward, and Ota Ward have many shelters where the severity of crowding is over 
3.0. 
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Figure 15.  Number of people staying at evacuation shelters and congestion degree of evacuation shelters (48 hours 
after the disaster). Congestion degree is described as a value obtained by dividing the number of shelter residents by 

that of the assumed number in a disaster prevention planning. 

Spatial distribution of numbers of shelter residents 

Figures 16(a)–(e) display the numbers of shelter residents by evacuation factor and residential location (500 m 
grid cell). This confirms that in the regions described above where crowding in the shelters is worst, building 
damage and water supply failure are the reasons for the bulk of evacuees (Figs. 16(a) and (b)). Relatively few 
people are driven out of their homes by fire (Fig. 16(d)), but the numbers of evacuees were locally high in densely 
built residential areas with wooden construction. Over 800 residents had to leave a residential area in a single 500 
m grid cell due to fires. Even urban areas that had relatively little in the way of building damages or water supply 
failures contained some regions where elevator stalls in high-rise condominiums and other buildings forced 
residents into shelters (Fig. 16(e)). 
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Figure 16.  Number of evacuees due to building damage, 
water supply failure, fire damage, elevator stall 

Figure 17.  Regional classification result by the 
number of evacuees due to evacuation factors 

Classification of areas by evacuation factor 

The regions were classified using non-hierarchical cluster analysis (k-means clustering; Buttigieg and Ramette, 
2014). The reasons for evacuation depend largely on the local characteristics of the evacuation factors. Therefore, 
by classifying evacuees from the viewpoint of evacuation reasons, we attempted to clarify the local uneven 
distribution characteristics of evacuees and their evacuation reasons. Namely, we attempted to clarify what the 
spatial distributions were with respect to the evacuation factor. A total of 2,424 grid cells were examined. Figure 
17 shows how the regions were classified into six clusters based on the number of shelter residents and Fig. 18 
shows how the factors varied among the clusters. Cluster 1 comprised regions where most shelter residents had 
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multiple reasons for leaving, including water supply failures, power failures, and elevator stalls (138 cells). Cluster 
2 comprised regions where most shelter residents had left because of elevator stalls (358 cells). Cluster 3 
comprised regions containing few residents and extremely few shelter residents (655 cells). Cluster 4 comprised 
regions whose shelter residents had been driven out by building damages and water supply failures (371 cells). 
Cluster 5 comprised regions with relatively few shelter residents (850 cells). Finally, Cluster 6 comprised regions 
whose residents had been driven to shelters by fire damage (52 cells). 

Figure 18.  Average number of people in evacuation shelters in each class (standardized value) 

INVESTIGATION OF MEASURES TO REDUCE CROWDING BY SEISMIC RETROFITTING OF WATER PIPES 

Definition of seismic retrofitting priority factor 

Efficient methods of seismically retrofitting water pipes were examined to see how well they could be predicted 
to reduce the number of shelter residents due to water supply failures. The most efficient way to minimize such 
evacuees’ numbers is to prioritize seismic retrofitting of the pipes by the numbers of evacuees most likely to be 
forced out if they fail. Therefore, we define the seismic retrofitting priority factor IL (Fig. 19) as the number of 
shelter residents who would be forced out of their buildings by the failure of a pipe L. Next, we validate the 
plausibility of the method of beginning the retrofits at locations with the highest value of IL. 

Figure 19.  Calculation method for earthquake resistance importance factor IL 

Specifically, the following procedure is followed. (1) The results of 100 evacuation behavior simulations are used 
to calculate the mean number of shelter residents Nb who leave building b because of a water supply failure. (2) 
The values of Nb for a given building are added to IjL for each pipe L encountered as the water supply route from 

38 

CoRe Paper – Analytical Modeling and Simulation
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022



Osaragi et al. Crowding at Evacuation Shelters after a Major Earthquake 

the given building upstream to each water supply facility j that can supply it is traced. (3) Once calculation (2) is 
performed for every building, the expected value IjL for the number of shelter residents who would appear due to 
a rupture in pipe L connected to facility j. (4) IjL is calculated for every facility j, and the seismic retrofitting 
priority factor IL is applied to the pipe L, which has the maximum value IjL for all the facilities. 

Effectiveness of Seismic Retrofitting of Water Pipes when using Seismic Retrofitting Priority Factor 

The Tokyo Metropolis has set the numerical goals of seismic retrofitting of about 5,000 km of water pipes over 
the next 10 years from this writing. This will raise the seismic retrofitting rate from the 29% as of end FY2011 to 
54% as of end FY2022. This value was used as reference in our simulation; excepting the pipes assumed to be 
already retrofitted as described in Section 4, the appropriate fraction of pipes in the Tokyo Metropolis with the 
highest IL values (the top R %) of all the un-retrofitted pipes (total length, 18,816 km) were assumed to have been 
retrofitted so as to meet the above-stated goals. Specifically, it was assumed that an additional R % of the pipes 
had been retrofitted, beginning with those having the highest IL, and 100 simulations with varying physical 
damages were performed, as done in Section 4. The simulations covered the 48 hours (2 days) following the 
occurrence of the earthquake. 

Figures 20(a)–(d) show how the water supply failure varied as the value of R was gradually increased. Beginning 
at the end of 2015, with the base seismic retrofitting rate (R = 0.0%, Fig. 20(a)), the reader can see that liquefaction 
(Fig. 3) determined the spatial distribution of the rate of water supply failure. This rate can be seen to have 
improved over the entire metropolis when the extent of retrofitting R had reached 0.25% of the water pipeline 
(about 47 km of pipe), but there remained many areas in which the rate of water supply failure still exceeded 80% 
(Fig. 20(b)). At R = 2.0% (about 376 km), the rate of water supply failure dropped below 10% in the west part of 
the Tokyo ward area, and was no more than 50% in nearly all the portions of east and south part of the area, where 
serious water supply failure has been predicted (Fig. 20(c)). At R = 10.0% (about 1,882 km), the rate of water 
supply failure is about 10% throughout the Tokyo ward area; which indicates that it is possible to bring about an 
efficient and effective reduction of the rate of water supply failure (Fig. 20(d)). However, a close examination of 
Fig. 20(d) reveals that the high rates of water supply failure in locations distant from water supply facilities remain 
unsolved. This is due to the high cumulative probability of a pipe rupture somewhere in the long route from a 
water supply facility to such a location and to the low IL value of pipes near such a location, which corresponds 
to the outer edge of the region supplied by a facility. These issues are due to the low priority assigned to the local 
seismic retrofits. 
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Figure 20.  Effects of earthquake resistance improvement of water pipeline 

Figure 21 shows the variation in the number of buildings having water supply failure, in the number of shelter 
residents evacuating due to water supply failure, and in the number of shelters having a severity of crowding over 
1.0 at 48 hours after the disaster, with the seismic retrofitting rate. The objective of seismic retrofitting of water 
pipeline is to increase the pipe’s strength and its deformability so that the seismic retrofitting enables it to 

withstand more weight and better stand up to the crushing forces released during earthquakes, ground motion, and 
soil failure. The reader can see that when R was 0.25% (about 47 km), this eliminated water supply failures in 
over 230,000 buildings, and the shelter resident population due to that cause was reduced by about 240,000. At R 
= 2.0% (about 376 km), the shelter resident population due to water supply failure was reduced to about one-
fourth what it had been in the current condition (R = 0.0%), (to about 170,000) and the severity of crowding had 
fallen below 1.0 in about 250 shelters. At R = 10% (about 1,882 km), the shelter resident population due to water 
supply failure had shrunk to about 70,000. This indicates that it is possible to bring about an efficient and effective 
reduction of the shelter resident population who have evacuated due to water supply failure by calculating the 
seismic retrofitting priority factors IL for all the water pipes and using these values to perform retrofits on the pipes 
with the greatest IL values first. 
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Figure 21.  Relationships between earthquake resistance rate of water pipeline and the number of buildings of 
water-supply failure, number of evacuees, and congestion degree of shelters 

SUMMARY AND CONCLUSIONS 

It is essential to predict how severe crowding will be at evacuation shelters after a major earthquake occurs in 
order to forestall confusion and trouble at shelters. However, it is difficult to anticipate the crowding at shelters, 
as this will depend on the local levels of physical damage, on the numbers of shelter residents, on the scale of 
each shelter itself, and particularly on the spatial distribution of all these factors. In this study, evacuation 
behaviors due to physical damage after a major earthquake were modeled assuming a northern Tokyo Bay 
earthquake (M7.3) occurs. The severity of crowding at every shelter in the Tokyo ward area was estimated, and 
countermeasures were examined for their effectiveness in reducing congestion. 

First, a model was constructed to estimate the physical damages (building damage, fire damage, water supply 
failures, power failure, elevator stalls) occurring in each individual building. Next, a model was constructed to 
estimate whether or not an individual or family would decide to seek shelter, and a shelter selection model was 
constructed to predict which shelter would be chosen. Using survey data from the southern Hyogo Prefecture 
earthquake, the most influential parameters for the shelter selection model were shown to be the scale of the 
shelter, its distance from the evacuee’s home, and whether the shelter was located in the same school district as 

the evacuee’s home. These parameters were applied to survey data from the Kumamoto Earthquake, and the 

results were consistent with the results in the southern Hyogo Prefecture earthquake. 

Next, a simulation was carried out using the evacuation behavior model for people in the Tokyo ward area over 
the first 2 days (48 hours) after a northern Tokyo Bay earthquake (M7.3) has occurred. The simulation showed 
that about 2 million people throughout the area would seek shelter, consisting mainly of about 700,000 each due 
to building damage and to water supply failure. Additionally, at 48 hours after the earthquake, over half of the 
shelters would be housing more residents than they are intended for. This crowding was predicted to be 
particularly severe in Arakawa Ward, Sumida Ward, and Ota Ward, where the severity of crowding would exceed 
3.0. 

Lastly, focusing on water supply failure, which is one of the chief reasons for seeking shelter, a calculation was 
made of the expected number of people who would seek shelter due to pipe rupture (the seismic retrofitting priority 
factor) for every water pipe. It was then calculated how effectively shelter crowding would be reduced by 
replacing the pipes in descending order of their seismic retrofitting priority factor to validate this approach. This 
demonstrated that replacing 0.25% (about 47 km) of the un-retrofitted but most critical pipe would reduce the 
number of shelter residents by about 240,000, while replacing 2.0% (about 376 km) of pipe would further reduce 
shelter residents to about 170,000. This indicates that even small but well-directed efforts at retrofitting water pipe 
may yield dramatic results in reducing the numbers of evacuees. 

One of the most important findings in this study is that the measures of Tokyo Metropolitan Government have 
calculated only the number/size of evacuation shelters that are needed in the entire area of Tokyo, and have never 
calculated it according to the information of space and time when a disaster occurs. We demonstrated in this paper 
that the importance of spatiotemporal characteristics of necessary evacuation shelters should never be neglected. 
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Also, Tokyo Metropolitan Government has considered only the people who evacuate to shelters due to the 
property damages caused by collapsed building or fire spreading. We demonstrated in this paper that more people 
would have potential to evacuate when the water supply failure, electric failure, or elevator stalls. These new 
findings demonstrated that we should consider measures while assuming the number of evacuees, the required 
number/size of evacuation centers will vary greatly according to the location of earthquake epicenter and the 
elapsed time since the occurrence of a disaster. In this paper we have proposed the framework to address these 
issues which have never been discussed theoretically nor practically. 

Next, let us consider themes for future studies. This study provided estimates for power failure and elevator stalls 
in individual buildings. However, power failure usually occurs simultaneously over wide areas. Additionally, 
“elevator stall” covers a great variety of issues, depending on the year the elevator was installed and its functions. 
These topics must be examined with greater precision in the future. Furthermore, the seismic retrofitting priority 
factor must be calculated with respect to other considerations than just shelter resident population because it is 
essential to prioritize water service to hospitals and other vital facilities. This must also be addressed in future 
investigations. 

The proposed models and methods are weak in generality because they are estimated based on specific dataset 
environment. The authors believe that a model that can respond to an emergency needs to have generality. 
However, examples of practical usage might be often weak in its generality. This is because model's parameters 
are often dependent on the local characteristics/environment, or vary dramatically according to the time or seasons 
when a disaster occurs. Another reason is that there are very few cases of devastating earthquakes as envisioned 
in this research occurred in a large city like Tokyo, and corresponding data are also not available. We have 
carefully investigated domestic and overseas research, but there are very few literatures to secure generality of 
models. Especially, it's very difficult to obtain the data about human behaviors in the immediately after the 
occurrence of a devastating earthquake. This fact results in lacking of generality of models even in previous 
research. For these reasons, we dared to use the limited data and theories derived from researches on the Kobe 
earthquake (1995) and Kumamoto earthquake (2016) occurred in recent years. Namely, in this study, rather than 
focusing on the generality of a model itself, we examined what we need to consider in crowding evacuation 
shelters, how to address this difficulty, and how to reduce the risks, by assuming the earthquake directly beneath 
Tokyo. Having so said, we would like to address the generality more in detail in our future work, since aiming for 
generality is one of the meaningful goals for academic research. 
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ABSTRACT 

A model is developed, which can predict the travel time for volunteers that are dispatched as first responders to 
emergencies. Specifically, the case of lay responders to out of hospital cardiac arrest is studied. Positions from 
historical responses is used to estimate the real response times, which are used to train and evaluate the new travel 
time model. The new model considers the road network and the transport mode most likely used by the volunteers. 
The results for the new model are compared to a model used in an existing volunteer initiative. They show that 
the new model can make better predictions in 59.7% of the cases. This can be used directly as a base for improving 
the travel time estimates in existing volunteer initiatives, and to improve the input data to the continuously 
evolving volunteer resource management systems. 

Keywords 

Travel time modelling, Lay responder dispatch, Out-of-hospital cardiac arrest, Decision support, First response, 
Volunteer responders   

INTRODUCTION 

There is a growing interest and increasing number of initiatives for utilizing volunteers as additional resources in 
emergency situations (Valeriano et al. 2021). This is a low-cost solution that may have a huge impact, leading to 
saved lives and property, especially if utilized properly. In the current guidelines on cardiopulmonary resuscitation 
(CPR) from the European Resuscitation Council, introduction of systems that alert volunteers to suspected cardiac 
arrests are advocated (Semeraro et al. 2021). However, one major challenge in the management of volunteer 
resources, e.g., compared to professional resources, is the additional uncertainty associated with these resources 
(Matinrad et al. 2021). Since they are volunteers, typically they may not be obliged to respond when receiving a 
mission, and there is additional uncertainty regarding what they will do, when they will do it, and the impact of 
what they are doing. The response time, i.e. the time from when an alert has been sent to a volunteer, until (s)he 
has arrived at the incident site, is one important component contributing to this uncertainty. Most often, the largest 
part of the response time is the travel time. One way to estimate this, which is used in some volunteer initiatives 
today, is to take the Euclidean (straight line) distance and divide this with an estimated travelling speed (Berglund 
et al. 2018). While this may work sufficiently under some conditions, if there exist barriers, like large roads, rivers, 
or house blocks on the way, it will severely underestimate the travel time. Also, it does not take into account that 
the travel distance and speed may vary depending on different modes of transportation (i.e., on foot, bike, car) or 
the road network layout. Good travel time estimations are important for volunteer management purposes, e.g. 
when selecting which volunteers to dispatch or when doing task allocation, since an evaluation of a potential 
decision might be misleading if the response times are poorly estimated. Furthermore, for the volunteers, it is 
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aggravating to be sent to incidents they may not be able to reach in time. 

The aim is to develop and validate a travel time model for volunteers that considers the road network, barriers, 
and different modes of transportation.   

As a case, we use the Heartrunner initiative in Sweden, where volunteers sign up for receiving alerts on nearby 
out of hospital cardiac arrests (OHCA). When this occurs, an alert is sent to the 30 volunteers closest to the patient, 
within a given radius, and these are tasked to either go directly to the patient to start CPR, or to first pick up 
automated external defibrillator (AED), and then travel to the patient. This is further described in the section 
HEARTRUNNER, which comes after a brief overview of RELATED WORK.  

Using data from volunteer responses, we find out which volunteers reached the patient, and then estimate their 
real travel times. These are then used to develop and test the new travel time model. This is described in detail in 
the sections INPUT DATA and A NEW TRAVEL TIME MODEL. Finally, the new model is compared to the 
Euclidean distance-based model in the section RESULTS AND ANALYSIS. The paper ends with 
CONCLUSION, where we also outline some paths for future research.  

RELATED WORK 

Volunteers are important resources in both disasters and more frequent emergencies. Unaffiliated (spontaneous) 
volunteers offer serious challenges in terms of resource management, since they first must be registered and 
assessed before it is possible to know how to use them best. Thus, effective coordination of these volunteers is 
vital, something that has been addressed by Meissen et al. (2017) and Rauchecker and Schryen (2018). While both 
of these work concern larger events like disasters, another type of initiative that has expanded quicky the last 
couple of years is using volunteers as first responders to out-of-hospital cardiac arrest (OHCA), i.e. a type of daily 
emergency. These volunteers are typically dispatched to an OHCA through their mobile phones. In a review, 
Valeriano et al. (2021) identified 25 unique technologies, from 15 different countries for this. Another example 
of a program employing volunteers is the Enhanced Neighbor initiative where civilians in rural areas and villages 
with a poor emergency services coverage are alerted to fires, cardiac arrests and traffic accidents (Ramsell et al., 
2017).  

In many of the volunteer initiatives, it is necessary to determine which task that should be done by which volunteer 
to obtain the best possible outcome. Several researchers have addressed this, including Falasca and Zobel (2012), 
Lassiter et al. (2015), Khalemsky and Schwartz (2017), and Matinrad et al. (2021). The first two works focus on 
(post) disasters and the last two on daily emergencies. If the response time has any impact on the outcome, which 
is usually the case in both disasters and daily emergencies, a good prediction of the expected response time for 
the volunteers is necessary; a major part of the response time is usually the travel time. While travel time modelling 
for emergency services has a long history, it is mostly focused on road vehicles, like in Kolesar et al. (1975) where 
a model for fire engines travel times as a function of the travel distance is presented, or Budge and Ingolfsson 
(2010) and Westgate et al. (2016), who analyze ambulance travel times. While it is challenging to account for 
uncertainty in the travel time, this has become an active area of research, and the number of models offering travel 
time estimates for regular type of traffic (personal cars) is growing (Jula et al. 2008). As an example, Jenelius and 
Koutsopuolus (2013) present a statistical model for travel time estimations, and show that factors affecting the 
estimate includes the season, the level of congestion and the weather as well as link attributes like the number of 
lanes, traffic signals and speed limits.  

Studies for other modes of transport, within emergency response, is scarcer, but Jonsson et al. (2020) determine 
and analyze the traveling speed for lay responders to OHCA. Using a similar methodology to the one we employ 
in this paper, they analyze historical positions of dispatched volunteers, and conclude that the mean travelling 
speed varied between 1.8 m/s in densely populated areas to 3.1 in the least populated areas, with an overall mean 
speed of 2.3 m/s.   

Compared to Jonsson et al. (2020) and other previous studies, we (to the best of our knowledge) present the first 
road network-based travel time model for volunteers to daily emergencies that consider the transport mode, and 
that can be used to predict the travel time before making task assignments and dispatching the volunteer. This can 
be used directly as a base for improving the travel time estimates in the currently active volunteer initiatives, and 
to improve the input data to the continuously evolving volunteer resource management systems.  

HEARTRUNNER 

The Heartrunner initiative started as the research project “SMS lifesavers”, by Karolinska Institutet in Sweden in 
2010. The idea was to see if it was possible to initiate early bystander CPR, by alerting nearby volunteers by SMS 
(Ringh et al. 2011). This proved to increase bystander CPR significantly, as shown in a randomized controlled 
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trial, alerting volunteers to suspected OHCA in Stockholm, Sweden (Ringh et al. 2015). The volunteers were later 
alerted through a smartphone app and a subset of the volunteers were instructed to bring an AED to the patient 
(Berglund et al. 2018). One of the latest developments are investigating the possibility to use drones to transport 
the AED to the patient (Schierbeck et al. 2021). Since transferring from a research project to an integrated part of 
Swedish emergency response in 2016, the project is run by the company Heartrunner Sweden AB 
(https://heartrunner.com/), with currently (November 2021) over 100 000 volunteers in Sweden and over 130 000 
in Denmark where the whole country is covered by the system.   

When a cardiac arrest occurs, a request is sent from the emergency dispatch center to volunteers in the area to 
help. The volunteers can either be asked to go directly to the patient and start CPR or to go and pick up an AED 
before going to the patient. The request is sent to a maximum of 30 volunteers, the ones closest to the patient 
according to their latest position update, and within 1320 meters.  

Figure 1 visualize the concept. The green volunteers within the red circle are the ones that get a request to help 
the patient. The orange volunteers which are outside the circle are too far away from the patient and are therefore 
not alerted.  

Figure 1.  An overview of the Heartrunner concept 

In the current system, the travel time for a volunteer is estimated as the Euclidean distance divided by a speed of 
2 m/s. As illustrated in Figure 1, the Euclidean distance from the volunteers to the patient does not consider 
barriers such as rivers or the need to follow links in the road network, which may result in misleading estimates 
of the travel times.  

INPUT DATA 

Data characteristics 

Historical data on volunteer responses during the period 2019-08-31 until 2020-10-04, for the Stockholm and 
Västra Götaland regions in Sweden was used. These were assignee reports, with time stamps and position data, 
and questionnaires filled out by the volunteers after the alert. The assignee reports contain incident id, incident 
position, incident time, volunteer id and alias and position and time updates for the volunteers. Data that was 
collected from questionnaires are mission id, alias, if the volunteer reached the indicted location, if they tried to 
get an AED and which travel mode that was used. The travel modes that the volunteer could choose from was 
walking, bicycling, motor vehicle or emergency response vehicle. 

From the reports, it is possible to get relevant information about which travel mode each volunteer used, which 
can be combined with the position updates. From the questionnaires, the volunteers that reached the patient was 
selected, and only volunteers that stated that they did not pick up an AED was included in the data for further 
calculations. The reason was not to have to include the time to find and pick up an AED in the model. 

Standard cleaning of the data was performed, e.g. removing volunteer paths that were 100% longer than the 
shortest equivalent route in the road network, or when it was not possible to accurately determine start and stop 
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positions for the volunteers. 

From 49 111 volunteer dispatches in the data, 1509 volunteers stated that they reached the patient. From these, it 
was possible to extract 651 cases that fulfilled the cleaning criteria. There are five different travel modes: walking, 
bicycle, driving, ambulance, and firefighter/police, where the two latter are when professional personnel use the 
app while on duty. From these, two categories were created: walking/bicycling and driving. Due to the low number 
of volunteers answering “bicycle,” this data was merged with that of the volunteers travelling by foot in the 
category walking/bicycling. There was also a low amount of data for the firefighters/police on duty and ambulance 
personnel, so these were merged with the data for the volunteers that arrived by car in the category driving. 

We divided the data into two equally sized sets; one to train (N=326) and one to evaluate (N=325) the model. The 
sets were divided so that they included as much data from the Stockholm region as from the Västra Götaland 
region, and equally distributed over travel mode category and time.  

Calculating real travel times 

We used the historical data to calculate estimates of the real travel times for the volunteers, starting by selecting 
start and stop positions. The first set of position updates before the volunteers have started moving towards the 
patient needs to be excluded from the total distance and total time for the volunteers' journey. This to exclude the 
call-out time (the time from alert until the volunteer starts travelling towards the incident site). To identify these, 
a threshold value was set for both the initial position updates and the final position updates in the volunteer path. 
Once the volunteer gets a position which is more than the threshold from the initial position, (s)he is assumed to 
have started the journey. The start position can then be set to the previous position update before the volunteer 
have exceeded the threshold radius (see Figure 2, where position 2 is selected as the start position).  

The stop position is selected in the same way as the start position but with the patient position as the reference 
point. An example path including the position updates are shown in Figure 2. The stop position is set to the second 
position update which is less than the threshold value from the patient. 

Figure 2. The choice of start and stop positions 

Figure 2 presents a visualization of a case where the volunteer travels by foot to a patient, using the road network. 
The start position is set to 2 for the volunteer since position update 3 is outside the threshold, and position 1 is the 
reference point. The stop position is set to 8 since the volunteer is within the threshold radius from the patient and 
the previous position update, update 7, is also within the threshold radius from update 8.  

If the threshold value is set to a small value, the volunteer must get closer to the patient position to get a stop 
position. Thus, if the volunteer decides to press the arrival button in the application before they arrive within the 
radius of the threshold value, this data will be excluded. Another consequence is that the volunteer path might 
never reach the patient position due to the positioning error. A large threshold value results in less reliable data, 
including start positions where the volunteer has not begun their journey yet and where there is a stop position 
even though the volunteer has not reached the patient yet. 
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Table 1.  Amount of Data in Relation to Threshold Value 

Threshold value Total rows of data 

45 718 

30 651 

15 452 

Table 1 presents the amount of data obtained when setting the threshold value to 45, 30 or 15 meters. As can be 
seen, the amount of data is strongly correlated to the threshold value. There is approximately a 37 percent decrease 
in rows of data when decreasing the value from 45 to 15 meters.  

Figure 3 visualize the start of one volunteer path with a threshold value of 15, 30 and 45 meters. The axes represent 
the coordinates in longitude and latitude where the rings marked in the figures are position updates. The cross 
marked in the upper right corner is the position when the volunteer receives the request, i.e. the initial position. 
The green rings represent the position updates included in the volunteer path when calculating the real travel time. 
The red circles are position updates which are not included in the path, depending on the threshold value. If a 
circle is red, it means that the threshold value, in this case for the start position, is not fulfilled yet. 

Figure 3. The start of one volunteer’s path with a threshold value of (a) 15 meters, (b) 30 meters and (c) 45 meters 

The cross and the first green position update which is closest to the cross can be analyzed by comparing Figure 
3a, 3b and 3c. Figure 3a includes several green circles in the same area, at the cross, while Figure 3c does not 
have any green circles nearby the cross. Figure 3b, with 30 meters threshold value, has only one green circle in 
the near area of the cross. This means that Figure 3a, with a threshold value of 15 meters, includes position updates 
before the volunteer has started the journey which will lead to a longer real travel time than the actual time for the 
journey. Figure 3c results in a too short travel time since the threshold value of 45 meters is too high to register a 
position update near the initial position update. This means that to calculate a real travel time as accurately as 
possible, in this case, the threshold value should be between 15 and 45 meters. Further similar analysis, varying 
the threshold value, resulted in the conclusion that 30 meters is a good value to use.  

After selecting the start and stop positions, the travel time was determined by taking the difference between the 
times stamps for the stop and the start position. The travel distance for each volunteer is the sum of the distances 
traveled from each position update, starting from the start position until the stop position. The positions were 
given in longitude and latitude, and the Haversine formula was used to calculate the distance between two 
positions. The velocity for each volunteer was calculated by dividing the distance with the real travel time. This 
gave us estimated truths (distances, speeds and travel times) that were used to train and to evaluate the new model. 

A NEW TRAVEL TIME MODEL 

To develop a new travel time model, a set of possible input parameters were considered. Analysis was conducted 
regarding e.g. time of day or if the travel time differs between urban or suburban areas, without finding any clear 
correlations. Thus, the final travel time model considers the road network, the choice of travel mode and the fact 
that a volunteer that is walking or bicycling has the possibility to take shortcuts. The road network, based on 
Bing 
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Maps (https://www.bing.com/maps/) is used to calculate the road distance that the volunteer must travel to reach 
the patient. This enables the consideration of several types of barriers, such as houses and rivers. The travel mode 
is taken into consideration since it affects the velocity of the volunteer. Bing Maps calculates the walking distance 
based on a network for pedestrians, but this does not consider other possible routes that are not included in the 
network. One example of this is the case when it is possible to take a shortcut through green areas. For the training 
data, the walking distances calculated by Bing Maps are in general 4.6% longer than the real volunteer distances 
for walking/bicycling. Therefore, a shortcut factor is included in the model to compensate for the fact that a 
volunteer that is walking or biking has the possibility to take shortcuts. 

Figure 4, 5 and 6 shows the relationship between the (calculated) velocity and the (calculated) travel distance for 
the cases in the training data for the categories walking/biking and driving and for the general case where all travel 
modes are included. The dots represent the cases in the training set and the line is the least squares regression line 
of the cases in the training set. In the figures, the function of the least squares regression line is also presented, 
where 𝑦 is the velocity of the volunteer and 𝑥 is the travel distance. 

Figure 4. The relationship between velocity and travel distance for walking/biking (N=160, R2=0.23) 

Figure 5. The relationship between velocity and travel distance for driving (N=166, R2=0.27) 
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Figure 6. The relationship between velocity and travel distance for all travel modes (N=326, R2=0.49) 

When dispatching a volunteer, the travel mode that (s)he will use is not known. Thus, the travel time model first 
needs to predict the travel mode. Figure 7 presents a boxplot of the travel distance for the different travel modes 
in the training data. The filled areas, within the boxes, are used to decide the intervals for the distances which 
corresponds to walking/biking or driving mode. The line in each box marks the median value and the cross marks 
the mean value. The minimum value is marked with a vertical line below the boxes while the maximum value is 
marked above both boxes where the samples over the maximum are extreme values in the data set. 

Figure 7. Boxplot of travel distance for walking/biking and driving mode 

Based on the data illustrated in Figure 7, it is assumed that the volunteer uses the walking/biking mode when the 
travel distance is less than 662 meters. Then, Bing Maps is used to suggest the shortest walking path from the start 
to the stop position, and the velocity is set to the value given by the regression function for walking/biking (Figure 
4). The distance is also shortened by the calculated shortcut factor. If the distance is 915 meters or longer, the 
volunteers are assumed to be traveling by motor vehicle, and therefore Bing Maps driving distance and driving 
velocity (Figure 5) is used. If the distance is between 662 and 915 meters, it is uncertain which travel mode the 
volunteer is most likely to use. In these cases, the travel distance is set to Bing Maps driving distance since, in 
general, it is a better fit to the real distance in comparison to the walking distances from Bing Maps. For the 
velocity, the regression value for all travel modes (Figure 6) is used. Finally, the estimated travel time is calculated 
by dividing the distance by the velocity.  

iP Paper – Analytical Modeling and Simulation
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022

50 



Andersson Granberg et al. Predicting Volunteer Travel Time to Emergencies 

iP Paper – Analytical Modeling and Simulation
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022

Thus, the calculations made are: 

𝐵𝑖𝑛𝑔 𝑤𝑎𝑙𝑘𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

1.046
, 𝑖𝑓 𝐵𝑖𝑛𝑔 𝑤𝑎𝑙𝑘𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ≤ 662 𝑚 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝐵𝑖𝑛𝑔 𝑑𝑟𝑖𝑣𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒, 𝑖𝑓 662 𝑚 ≤ 𝐵𝑖𝑛𝑔 𝑤𝑎𝑙𝑘𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ≤ 915 𝑚 

𝐵𝑖𝑛𝑔 𝑑𝑟𝑖𝑣𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒, 𝑖𝑓 𝐵𝑖𝑛𝑔 𝑤𝑎𝑙𝑘𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ≥ 915 𝑚 

0.0016 ∙ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 + 1.8985, 𝑖𝑓 𝐵𝑖𝑛𝑔 𝑤𝑎𝑙𝑘𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ≤ 662 𝑚 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = 0.0021 ∙ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 + 2.1472, 𝑖𝑓 662 𝑚 ≤ 𝐵𝑖𝑛𝑔 𝑤𝑎𝑙𝑘𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ≤ 915 𝑚 

0.0016 ∙ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 + 3.5041, 𝑖𝑓 𝐵𝑖𝑛𝑔 𝑤𝑎𝑙𝑘𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ≥ 915 𝑚 

𝑇𝑟𝑎𝑣𝑒𝑙 𝑡𝑖𝑚𝑒 = 
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦

RESULTS AND ANALYSIS 

Main results 

The performance of the developed travel time model is evaluated by comparing it to a Euclidian distance-based 
model (EBM), where the distance between the start and stop positions are calculated using the Haversine formula, 
and a mean velocity of 2 m/s is used. Real travel times are calculated for all cases in the evaluation set (N=325), 
and estimated travel times are calculated for the Euclidian model and the new route-based model (RBM). Due to 
the simple calculations required, both models provided travel times instantly during the tests; however, using an 
external supplier like Bing for the routes, means there is risk for delays in getting the required data, e.g. due to 
network failure or server overload. The three performance indicators used are:  

1. ME [s], which is the mean error in the travel time estimation compared to the real travel time.

2. MAE [s], which is the mean absolute error.

3. Improvement [%], which is the share of cases when the RBM has a smaller MAE then the EBM.

The result is presented in Table 2, where statistical measures are given before the performance indicators. These 
are given for the evaluation set, i.e. 325 cases, where the estimated real mean travel time was 234.5 seconds. This 
seems to be slightly overestimated by the EMB (275.7 s) and underestimated by the RBM (205.3 s). While the 
RBM makes a pretty good job of estimating the real distance, the EBM naturally has a much shorter distance, 
which is compensated by the slower mean speed that is used to calculate the travel time. The real travel speed is 
4.4 m/s, but this depends on the travel mode. Looking at cases where volunteers went by foot, the real mean travel 
speed is 2.5 m/s, for bike 3.4 m/s and for car 6.1 m/s. This is interesting to compare to the results of Jonsson et al. 
(2020) who found a mean travel speed of 2.3 m/s for all travel modes, which is less than 4.4 m/s. This may be due 
to how the start and start positions are selected, where Jonsson et al. (2020) selected the start position when the 
volunteer accepted and the stop position when (s)he was within 25 meters from the patient position. As we use a 
radius also for the start position, we will eliminate any time spent e.g. getting out from a building, accessing a 
vehicle etc. Thus, it is not surprising that the mean speed we obtain is higher than the one in Jonsson et al. (2020). 

Table 2.  Comparing the travel time models 

Real EBM RBM 

Mean travel time (s) 234.5 275.7 205.3 
Mean distance (m) 1009.9 551.4 1046.5 
Mean speed (m/s) 4.4 2.0 4.3 
ME (s) 41.2 -28.8
MAE (s)  - 124.6 87.4 
Improvement (%)  - - 59.7 

Regarding the performance indicators, as can be seen in Table 2, the overestimation of the EBM is visible in the 
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mean error, just like the underestimation by the RBM. The latter has a mean error closer to zero, and also a smaller 
variation as evident by the mean absolute error. Using the route-based travel time model, it is possible to reduce 
the MAE from 124.6 to 87.4 seconds, that is by 37.2 seconds, a reduction of 30%. The RBM manages to do a 
better travel time estimation in 59.7% of the cases, compared to the simpler, Euclidian distance-based model.  

Known travel mode 

If the intended travel mode of the volunteer is known, it should be possible to further improve the travel time 
estimation. This information is difficult to get in practice as it might involve having the volunteers fill it in 
dynamically in the app before being given a task, which is not desirable since it would delay the response. 
However, it is easy to check the potential of having this information, simply by including it in the RBM. Thus, 
instead of guessing the travel mode selected by the volunteer, this information is fetched directly from the 
historical data. This gives us the route-based model with known travel mode (RBM-KTM). Results from this 
model together with results for the other two models are shown in Table 3.   

Table 3.  Results including a model with known travel mode 

EBM RBM RBM-KTM 

ME (s) 41.2 -28.8 -34.4
MAE (s)  124.6 87.4 85.7 
Improvement (%) - 59.7 59.4 

As indicated in Table 3, knowing the travel mode beforehand has no major effect on the travel time estimations. 
Indeed, the number of times when the RBM-KTM is better than the EBM is slightly lower than for the RBM, 
though the difference is negligible. The mean absolute error in the travel time estimation is however slightly lower 
for the RBM-KTM. The mean error indicates that the RBM-KTM underestimates the travel time even more than 
the RBM, but it is still closer to zero compared to the EBM.  

It is difficult to give a certain answer as to why there is no real improvement when including this additional 
information, but looking at the boxplot Figure 7, the travel modes are fairly well separated based on the distance. 
Thus, it is possible that the simple way of picking a travel mode based on the distance is sufficient to model this 
aspect, and that the lack of even a minor improvement in regard to the Improvement indicator is due to a small 
dataset, making the stochastic variations shine through. However, as already mentioned, since obtaining and 
utilizing this information would be difficult, it is promising that the travel time model works as well without it.  

Improving the Euclidian based model 

One very simple way of improving the travel time estimation without using a new type of model is to calibrate 
the EBM. In the previous tests, we used 2 m/s as the mean speed when calculating the estimate for the EBM, since 
this was the value used in the Heartrunner system. However, calibrating this parameter using the Excel Solver to 
minimize the MAE for the training set, gave a new mean speed of 2.6 m/s, thus compensating for the 
overestimation noticed in Table 2. This gives the model EBM-cal, and the results (for the evaluation set) in Table 
4.  

Table 4.  Results including the calibrated Euclidian distance-based model   

EBM EBM-cal RBM 

ME (s) 41.2 -22.4 -28.8
MAE (s) 124.6 104.5 87.4 

As can be seen in Table 4, the calibrated EBM, now underestimates the travel time slightly, and has a mean 
error closer to zero than even the RBM. However, the MAE is still larger by 17.1 seconds, which is likely due to 
the ability of the RBM to take barriers, the road network and the travel mode into account. In terms of 
improvement, the RBM finds a better estimate in 58.2% of the cases compared to the EBM-cal.  
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CONCLUSION 

The results show that a travel time model considering the travel mode of the volunteer and utilizing road network 
information is capable of better estimating the travel time from a volunteer start position to the incident site than 
the model currently used in the studied volunteer initiative. They also show that using historical data, it is possible 
to improve the estimations just using Euclidian distance and a mean speed, but then the model is still not be able 
to consider possible barriers.  

The study highlights the difficulty of travel time estimations, that comes from all the uncertain components that 
is not possible to capture; people travel (walk or run, bike or drive) with different speeds, they may get delayed 
on the way due to e.g. congestion or taking a wrong turn. One specific example related to the OHCA volunteer 
context is that a volunteer travelling towards a patient will likely slow down if (s)he learns that the ambulance has 
already arrived but might still finish the journey and check with the ambulance personnel if (s)he can be of 
assistance. Thus, it will be regarded as a feasible volunteer path, but probably with a longer travel time than if the 
ambulance had not arrived. Other aspects that are not included in this study, but that are mentioned in previous 
research are for example traffic lights, speed limits, one-way streets, weather and season, hilly terrain, differences 
in urban, suburban and rural areas like high-rise buildings and access to buildings. At least some of these would 
be possible to include in the travel time estimations, and possibly try in a real-life situation, which is an interesting 
avenue for further research.   

Another interesting aspect to consider in future research is how another method for calculating the distances than 
using Bing Maps would affect the time estimations. This is because different actors in the web mapping market 
use different road networks and other distance calculations to decide the shortest route. Alternatively, a purpose-
built road/walkway network could be constructed, e.g. based on OpenStreetMap, taking into account possible 
shortcuts, and having specific link-based travel speed estimations. Having a local server for the route calculations 
would also decrease the risk for delays in getting route data, e.g. due to network congestion. Getting good travel 
time estimations is only valuable as long as the time for getting them is insignificant compared to the response 
times.   
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ABSTRACT

With increasing supply chain complexity, it gets more likely that disruptions ripple through the supply chain network,
affecting supply chain performance. As the severity of disruptions depends on the supply chain network structure, it
is important to assess the network structure in terms of its resilience. This article presents the results of a literature
review (LR) to provide a comprehensive overview of measures used for evaluating the resilience of supply chain
networks. The results indicate a wide range of measures applied in literature, focusing on either nodes, paths, or
subgraphs of the network. The identified measures are compared regarding the structural characteristics they study
and the aspects of supply chain performance they investigate.
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INTRODUCTION

In recent decades, caused by an increase in complexity of production, reduced lead times, and branching out in
new markets, supply chains have become more complex (Hearnshaw and Wilson 2013). However, these complex
supply chains are more prone to disruptions, making it necessary to increase resilience. The concept of supply
chain resilience is based on the premise that not all disruptions can be prevented. Here, a supply chain disruption is
any unanticipated or unforeseen event that disturbs the expected flows of goods, products, and materials in a supply
chain network (SCN) (Hosseini and Ivanov 2019). Causes might be natural disasters, political conflicts, terrorism,
or the destruction of infrastructure, all of which have a long-term impact (Sokolov et al. 2015). Great harm to
the supply chain performance occurs in case the effects of disruptions do not remain local but instead spread to
other, initially not affected, parts of the SCN. This effect is also called the ripple effect (Park et al. 2021). How far
disruptions spread through supply chains, depend on their SCN structure, as the structure defines what entities
are connected and how they rely on each other (Basole and Bellamy 2014). Even more, the network structure can
elevate the negative effects of disruptions (Zhao, Scheibe, et al. 2019).
As disruptions are highly unpredictable, it is essential to analyze and change the SCN structure proactively (Ivanov
et al. 2014). A broad area of literature, therefore, analyzes SCNs to identify structural characteristics they inherit
and to verify how changing the structure changes the outcome of possible disruptions (Kim, Choi, et al. 2011; Kim,
Chen, et al. 2015; Falasca et al. 2008; Mari et al. 2015; Y. Li and C. W. Zobel 2020). Based on the central idea that
certain properties of entities and network connections are important for the functioning of supply chains in the
post-disaster phase, choosing appropriate metrics for analyzing the network structure is crucial. That is, the choice
of metric determines what characteristics of the supply chain network are assessed.
Metrics can also be used to evaluate how changing the network structure increases certain structural aspects.
However, improvement of the network structure in certain perspectives might degrade it in others. Therefore, it is
important to consider both the aspects metrics consider and those they do not consider.
In this research, we concentrate on structural measures for assessing supply chain resilience. Our goal is to give an
overview and categorization of existing measures applied to assess the resilience of supply chain networks. We
furthermore illustrate what aspects are captured by each measure and how different measures compare to each other.
We further sum up what performance aspects the measures assess. For our research, we conducted a systematic
literature review. To guide our research, we set the following research questions:
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RQ1 What network measures are used to assess SCN resilience?

RQ2 What different aspects of the network structure do these measures assess?

RQ3 How do these measures assess supply chain performance in face of disruptions?

The remainder of the paper is organized as follows: We first provide an overview of literature related to measuring
supply chain network resilience. We then propose our research methodology, followed by the results of the literature
search. The latter encompasses the different network measures identified. After that, we give a discussion of our
findings. We conclude with a summary and outlook.

LITERATURE REVIEW

There exists no coherent definition for Supply Chain Resilience. However, it is accepted that it captures both the
resistance capability to a disruption at initial impact as well as the recovery to the pre-disruption state or a new,
more desirable state after disruption (Hohenstein et al. 2015).
To assess resilience, the resilience triangle, introduced by the Multidisciplinary Center for Earthquake Engineering
(Bruneau et al. 2003) presents a concept to evaluate supply chain resilience by assessing the performance loss due
to disruption as well as the time it takes the system to recover. This concept is based on the idea of a system having
a certain pre-disruption performance, which is set to 100%. After disruption at time 𝑡0, the performance loss, given
by 100 −𝑄(𝑡), until recovery (𝑡1) is measured, where 𝑄(𝑡) is the performance at time 𝑡.

R =

∫ 𝑡1

𝑡0

[100 −𝑄(𝑡)]𝑑𝑡 (1)

This concept gives a reasonable illustration of resilience, as it captures both the direct impact of disruptions and the
recovery. It, therefore, is often applied and adapted by supply chain researchers (C. W. Zobel 2011; R. Li et al.
2017; Y. Li and C. W. Zobel 2020; Falasca et al. 2008; Adenso-Díaz et al. 2018; Park et al. 2021).
To evaluate the resilience of the underlying SCN, choosing an appropriate structural performance measure (see
𝑄(𝑡) in (1)) is crucial. Structural metrics provide quantitative insights into the network’s topology, which allow the
characterization of the network structure concerning specific dynamics (da F. Costa et al. 2007). In terms of SCNs,
measures have to be chosen that successfully depict network characteristics that are important for the functioning
of the supply chain in the face of disruption and, especially in case some of its entities or transportation routes
might be disturbed. Metrics can be calculated both on the level of entities/connections or on the level of the whole
network (Kim, Choi, et al. 2011). Metrics on the entity/connection level are helpful to identify entities/connections
that are important by being central or responsible for production and transportation of materials and products. On
the other side, metrics on the whole network level provide information about the structure of the whole network, the
overall connectivity between its entities and potential bottlenecks.
There exists research that uses an overview of measures to illustrate the general properties of supply chain networks.
For example, Kim, Choi, et al. 2011 use the degree centrality, closeness centrality, and betweenness centrality to
identify key firms in supply networks. Perera et al. 2017 use modularity and assortativity to illustrate the overall
network structure of supply chain networks and find out that in most of them exist several highly connected hubs that
are not interconnected to each other. With a focus on supply chain resilience, Hosseini, Ivanov, and Dolgui 2019
present a literature review on quantitative modeling methods for supply chain resilience, including an overview of
metrics and objective functions used. However, the focus is more on operational measures than on metrics based on
the supply chain network structure. Han et al. 2020 provide an overview of performance metrics used in the area of
supply chain resilience, including metrics applied for the reconstruction of supply chains. However, the focus is
more on the distinction between different categories than on more detailed information of specific metrics. Finally,
Bier et al. 2020 conducted a literature search on methods for mitigating disruptions in supply chain structures and
highlight the importance of considering the complexity of supply chain networks. They also provide an overview of
applied metrics, including structural network metrics. However, the outline is rather broad and also encompasses
probabilistic measures.
In contrast to the above mentioned publications we here concentrate on structural measures that are used to assess
the resilience of the supply chain network. By conducting a literature search, we give an overview of applied
measures and furthermore group the measures in plausible categories. We then analyze the purpose of applying
those measures, how they differ and highlight the aspects that are not captured by them. We furthermore sum up
what aspects of supply chain performance are assessed by each of the measures.
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METHODOLOGY FOR LITERATURE SEARCH

Concerning the discussion above, we here look for resilience measures that consider the structure of the SCN.
To avoid bias and guarantee rigor, we conducted a literature search following vom Brocke et al. 2009 to review
existing literature on structural metrics for SCNs. The databases Scopus and Web of Science were considered
to cover literature from an interdisciplinary field from different sources. Furthermore, both contributions from
journals and conferences were incorporated, even widening the range of sources. The search, however, is limited to
publications written in English.
Relevant keywords were defined as search criteria to select appropriate literature. As the focus is on the network
structure of supply chains, we included both "supply chain network" and "supply network" as these terms are often
used interchangeably (Braziotis et al. 2013). Furthermore, "topology" is often used instead of "structure". Finally,
we included "measur*", "metric*" and "assess*" for measures. Therefore, we used the following search term:
TITLE-ABS-KEY(("supply chain network" OR "supply network") AND "resilien*" AND ("structur*" OR
"topolog*") AND ("measur*" OR "metric*" OR "assess*")).
This led to a total of 95 publications, which resulted in 71 publications after deleting duplicates. Subsequently, the
title, abstract, and the publications’ keywords were examined to determine whether the publication addresses the
stated research focus. Reasons for exclusion were mainly that the publications considered operational instead of
network structure-based metrics. The thereby identified papers were read in total. Additional publications were
added by forward and backward search, which finally led to 16 articles.

RESULTS OF LITERATURE REVIEW

Characteristics of Articles

Figure 1 shows the number of publications per year. There is an increase in publications per year from 2014
onwards. This finding is consistent with observations, that from this time on, there is an increased number of
publications centered around analyzing the structure of supply chains to improve supply chain resilience (Sahlmüller
and Hellingrath 2021).

Figure 1. Identified publications per year.

The publications were primarily published in journals (13) and to a minor degree in conference proceedings (3).
Most publications were published in either business journals, engineering journals, or journals that are centered
in the intersection of those two topics, including the International Journal of Production Economics (4 times),
Sustainability (2 times), the International Journal of Industrial Engineering: Theory, Applications and Practice,
Complexity, IEEE Transactions on Engineering Management, Decision Sciences, IEEE Intelligent Systems, IEEE
Systems Journal and the International Journal of Production Research. Publications in conference proceedings were
published in the proceedings of the Conference on Intelligent Autonomous Agents, Networks and Systems, in the
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proceedings of the Conference on Advances in Social Network Analysis and Mining, and the proceedings of the
International Conference on Information Systems for Crisis Response and Management. Considering the identified
publications, they come from an interdisciplinary research area.

Research Methodology

Supply Chain networks consist out of nodes and links, where nodes represent firms and links define the exchange
relationships between firms (in this publication, the material flow) (Hearnshaw and Wilson 2013). Most of the
metrics investigated in the identified publications can be assigned to those groups, assessing either node or link
characteristics. For example, they calculate the number of suppliers or existing paths between nodes. However,
some are restricted to only a subgraph of the initial graph, requiring both a certain connectivity and the existence of
specific nodes. Therefore, we categorized the metrics into node-based, path-based, and subgraph-based metrics. We
then further divided the categories into appropriate sub-categories based on structural characteristics they consider
(see Figure 2).

Figure 2. Overview of identified metrics. Here, "LCC" and "LFSN & LACC" are subgraph metrics. As publications
often consider more than one metric, the total number of metrics surpasses the number of publications.

METRICS

Table 1 contains the identified publications, the applied measures, and how they were explicitly calculated.

Table 1. Resilience measures for Supply Chain Network Structures

Reference Measure Definition

Valenzuela et al.
2018 communicability between nodes weighted number of walks

of pre-definded length between nodes

R. Li et al. 2017 (i) Amount of production delivered
(ii) Average delivery distance

(i) number paths from source to sink
(ii) weighted delivery distance

Ponnambalam et
al. 2014 closeness centrality average length of shortest paths between nodes
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Dixit et al. 2020
based on density (𝐷), centrality
(𝐶𝑇), connectivity (𝐶𝑉), network
size (𝑁𝑆)

connectivity · network size
density · centrality

Y. Li and C. W.
Zobel 2020

(i) number of healthy nodes (ii)
size of largest connected compo-
nent (LCC) (iii) size of LCC in re-
lation to average path length (APL)
of the LCC

(i)
number of healthy nodes at time t

network size

(ii)
size of LCC at time t

network size

(iii)
size of LCC at time t / APL of LCC at time t

network size / APL of network

Zhao, Scheibe, et
al. 2019

(i) size of the largest functional sub-
network (ii) average supply path
length

(i) size of largest connected component
containing at least one supply node
(ii) average shortest path between supply and
demand nodes

Y. Li, C. Zobel,
et al. 2019

(i) size of the LCC at initial impact
(ii) size of the LCC at full impact
(iii) number of healthy nodes at full
impact

(i)
size of LCC at initial impact

network size

(ii)
𝑚𝑖𝑛0≤𝑡≤𝑇size of LCC at time t

𝑛𝑒𝑡𝑤𝑜𝑟𝑘𝑠𝑖𝑧𝑒

(iii)
𝑚𝑖𝑛0≤𝑡≤𝑇number of healty nodes

𝑛𝑒𝑡𝑤𝑜𝑟𝑘𝑠𝑖𝑧𝑒

Kim, Chen, et al.
2015 network disruption disrupted path from source to sink

Craighead et al.
2007 network size number of nodes available after disruption

Falasca et al.
2008 network size number of nodes available after disruption

Wang et al. 2015 multiple-path reachability of de-
mand nodes

aggregated multiple path reachability of
demand nodes, weighted by length
of path and significance of reached nodes

Thadakamalla et
al. 2004

(i) size of LCC (ii) average shortest
path lengths (iii) clustering coeffi-
cient

(i) size of LCC
(ii) average shortest path length

(iii)
number of edges among node’s first neighbors

possible number of edges between first neighbors

Zhao, Kumar,
Harrison, et al.
2011

(i) supply availability rate (ii) size
of the largest functional sub net-
work (LFSN) (iii) average supply
path length in the LFSN (iv) maxi-
mum path length in the LFSN

(i) percentage of demand nodes with access to
supply nodes
(ii) LCC containing at least one supplier
(iii) average of shortest path length between
supply and demand nodes in LFSN
(iv) maximum path length between
supply and demand nodes in LFSN

Pourhejazy et al.
2017

(i) average node degree (ii) average
clustering coefficient (iii) number
of supply nodes (iv) total distance

(i) average number of connections per node
(ii) mutual exchange connections among nodes
(iii) toal number of supply nodes
(iv) distance between supply and demand nodes
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Shi et al. 2020

(i) size of the largest all-role con-
nected component (𝐿𝐴𝐶𝐶) (ii)
weighted average path length of
𝐿𝐴𝐶𝐶 (iii) maximal vertical path
length of 𝐿𝐴𝐶𝐶

(i) size of LCC that includes at least one
supplier, manufacturer, distributor, retailer
(ii) weighted average path length between consecutive
layers and average of all other paths
(iii) longest path length of all vertical paths in LACC

Mari et al. 2015

(i) supply availability rate (ii) size
of the LFSN (iii) average supply
path length in LFSN (iv) clustering
coefficient

(i) percentage of retailer nodes with access to manufacturers
and suppliers
(ii) size of LCC with at least one supplier and manufacturer
(iii) average shortest path length between supplier and
retailer nodes in LFSN
(iv) ratio between the number of edges among a node’s first
neighbours and total possible number of edges between them

Node-based measures

Based on the identified publications, there are two measures based on node properties: The total number of nodes
available after disruption (Dixit et al. 2020; Y. Li and C. W. Zobel 2020; Y. Li, C. Zobel, et al. 2019; Craighead
et al. 2007; Falasca et al. 2008) and the number of suppliers available after disruption (Pourhejazy et al. 2017),
respectively.
In network theory, the number of available nodes after disruption is a prominent measure for evaluating the
spread of processes such as diseases or information (Dorogovtsev and Mendes 2002). In terms of supply chain
performance, a higher number of functioning nodes after disruption means that more nodes can ship and receive
goods (Craighead et al. 2007) and therefore represents an overall health status of the network (Y. Li and C. W. Zobel
2020). Furthermore, it accounts for an additional "buffer" (Dixit et al. 2020) as there might be a second option for a
failed supplier or customer. Pourhejazy et al. 2017 stress out that a high number of failed suppliers might increase
the demand on the remaining suppliers, which may lead to an imbalance of supply and demand.

Path-based measures

The subsequent measures assess nodes’ involvement in the walk structure of the network. Thus, they evaluate the
volume or length of walks that originate, terminate, or pass through nodes (Borgatti and Everett 2006). The number
of path-based measures is more elevated than the node-based measures and can be categorized in measures based
on the existence of paths, the length of paths, and the number of paths.

The existence of paths

Some publications (Kim, Chen, et al. 2015; Zhao, Kumar, Harrison, et al. 2011; Mari et al. 2015) measure network
resilience based on the existence of a path between source and sink.
The existence of a path between two nodes, 𝑖 and 𝑗 , means that a flow starting from node 𝑖 can pass through the
network to reach node 𝑗 . A high number of existing paths between a particular node, 𝑖, and all other nodes, 𝑗 ≠ 𝑖,
indicates that that specific node 𝑖 is of importance (Grubesic et al. 2008). The total number of mutually existing
paths between nodes in a network gives an indicator for the general accessibility of that network. However, it neither
indicates the length of paths nor provides information about the lack of connectivity between nodes (Grubesic et al.
2008).
In terms of supply chain performance, the existence of paths between specific nodes illustrates transportation routes
between the firms the nodes represent. Therefore, they ensure delivery of necessary supplies to maintain operation
(Zhao, Kumar, Harrison, et al. 2011), allow firms to respond to market demand quickly (Mari et al. 2015) and
prevent the whole network from failing due to missing resources (Kim, Chen, et al. 2015).

The length of paths

This section covers measures that consider the distance between nodes. The applications of these measures differ as
they consider different sets of nodes: Some publications (R. Li et al. 2017; Ponnambalam et al. 2014; Thadakamalla
et al. 2004) measure the delivery distance/average (shortest) path length between any two nodes, whereas others
(Zhao, Scheibe, et al. 2019; Pourhejazy et al. 2017) restrict the assessment to paths between source and sink.
Generally, the length of a path between two nodes, 𝑖 and 𝑗 , is defined as the number of edges the flow has to traverse
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to arrive at node 𝑗 starting from node 𝑖 (Grubesic et al. 2008). Built on the premise that most communication
between entities takes place in the shortest way possible, most publications assess the shortest path length (Estrada
and Hatano 2008) or the average shortest path length. The latter serves as a measure for the whole network and
is also called the characteristic path length (Watts and Strogatz 1998). The characteristic path length is mainly
influenced by long paths (Rubinov and Sporns 2010), as even a single, significantly longer path might greatly
increase the average shortest path length. Moreover, it highly depends on structural bottlenecks, such as highly
connected nodes (Estrada and Hatano 2008). That is, in case there exists a structural bottleneck in the network, it is
likely that most of the shortest paths pass through it (see Figure 3)(Estrada and Hatano 2008). As a consequence, in
case of disruption, the shortest path tends to increase as nodes are removed from the network, and it will increase
significantly in case highly connected nodes are affected (Motter and Lai 2002). As node-removals also may result
in fragmented subgraphs, paths can even be of infinite length, increasing the characteristic path length to infinity
(Achard and Bullmore 2007).
In terms of supply chain performance, shorter paths ensure lower cost and product delivery time (R. Li et al.
2017; Thadakamalla et al. 2004) as well as how comfortable a node can be accessed (Ponnambalam et al. 2014).
Furthermore, shorter paths facilitate delivery from supply to demand nodes along the supply chain network (Zhao,
Scheibe, et al. 2019).

Figure 3. All of the shortest paths between source and sink nodes depend on the two highlighted nodes.

The number of paths

Instead of the sheer existence of paths, measures in this category focus on the number of paths between particular
nodes. Paths are said to differ if one contains at least one edge the other does not. Naturally, different paths can be
of different lengths as they consist of a different number of edges.
Measures considering the number of paths are the average degree (Pourhejazy et al. 2017), the clustering coefficient
(Thadakamalla et al. 2004; Pourhejazy et al. 2017; Mari et al. 2015), the number of paths between demand and
other nodes (Wang et al. 2015), the number of paths between source and sink (R. Li et al. 2017; Dixit et al. 2020)
and the number of paths of certain length (Valenzuela et al. 2018).

The (average) degree of a node, 𝑖, illustrates the number of nodes to which node 𝑖 has an edge (Grubesic et al. 2008).
Generally, the node degree is a representation of direct interactions between entities in the network (Jordán and
Scheuring 2004). Furthermore, nodes with a higher degree are deemed more critical for networks as they are more
closely associated with other nodes in the network (Grubesic et al. 2008). As before, the average node degree is a
network measure.
For supply chains, Pourhejazy et al. 2017 highlight that a higher degree ensures alternatives to supply goods.
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The (average) clustering coefficient measures how close the neighbors of a node are connected by mutual links
(Jordán and Scheuring 2004). It, therefore, reflects the connectivity around individual nodes (Rubinov and Sporns
2010) or any node in case the average clustering coefficient is considered. High average clustering ensures general
availability of alternative paths (Jordán and Scheuring 2004).
For supply chains, a high clustering coefficient allows rapidly shifting the production among suppliers (Mari et al.
2015). It ensures both alternative transportation routes (Pourhejazy et al. 2017) and flexibility in the exchange of
goods in the neighborhoods of nodes (Thadakamalla et al. 2004).

The number of paths between nodes serves as an indicator of importance as nodes that are connected to other nodes
by a high number of paths are likely to be essential for the network flow. However, one has to consider that more
peripheral nodes have, in principle, more unique paths than more central nodes as the latter are connected by shorter
paths, which leave less option for alternatives (Grubesic et al. 2008).
In terms of supply chains, Wang et al. 2015 focus on the number of paths between demand nodes and all other
nodes as this ensures that demand nodes can be reached after disruptions. Other publications (R. Li et al. 2017;
Dixit et al. 2020) concentrate on the number of paths from source to sink. Generally, a high number of paths from
source to sink indicates a more connected network as there are more connected nodes between them (Grubesic
et al. 2008). Furthermore, a high number of paths from source to sink guarantees the ability to deliver a minimum
amount of product, which ensures a certain service level (Dixit et al. 2020; R. Li et al. 2017).

The number of paths of a predefined length is a measure based on both the number and the length of paths. It is
considered by Valenzuela et al. 2018, who measure the number of paths with a maximal, pre-specified length. The
upper bound on the path length ensures that only transportation routes are considered that are not too long.

Subgraph-based measures

The above measures consider properties of the whole network, such as the longest path or the total number of
available nodes in the entire network. However, as nodes or edges are removed from the network due to failure, the
initial graph may fragment into smaller subgraphs. The nodes in the different subgraphs are still linked to each
other so that flow may pass from one node to another but not between distinct components. If a failure is rippling
through the network, research shows that in the beginning, only single nodes and small clusters of nodes break down
from the initial graph (Albert et al. 2000). Whereas nodes in smaller subgraphs are connected to just a few nodes,
there remains a very large subgraph, and the nodes in it are still connected to an extensive fraction of the entire
network. This remaining largest subgraph, which is called the largest connected component, LCC, is widely used
across disciplines to assess the impact of failures on networks (such as the Internet as connections between routers,
the world wide web, power grids, and transportation networks) (Motter and Lai 2002). Whereas the presence of
the largest connected component now often serves as an indicator if the network is at least partly performing its
intended function, the size is an indicator of howmuch of the initial network is working (Newman 2010) (see Figure4).

Figure 4. Post-disruption the highlighted nodes are disrupted. Compared to the pre-disruption network with size
14, the LCC (component 1) has size 8.

Some identified publications concentrate on the LCC (Y. Li and C. W. Zobel 2020; Y. Li, C. Zobel, et al. 2019;
Thadakamalla et al. 2004). Refined concepts of the LCC that were investigated are the largest functional sub-network,
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LFSN, and the largest all-role connected component, LACC. The LFSN is defined as the LCC with at least one
supplier (Zhao, Kumar, Harrison, et al. 2011; Zhao, Scheibe, et al. 2019) or with at least one supplier and one
manufacturer (Mari et al. 2015) in it. The LACC is the LCC that contains at least one supplier, one manufacturer,
one distributor, and one retailer (Shi et al. 2020) (see Figure 5).

Figure 5. Different sizes of the LCC, LFSN and LACC in a post-disruption network.

Focused on the LCC, respectively LFSN and LACC, the majority of publications measure supply chain resilience by
the size of the LCC/LFSN/LACC, that is, the number of nodes in the LCC/LFSN/LACC (Y. Li and C. W. Zobel 2020;
Y. Li, C. Zobel, et al. 2019; Thadakamalla et al. 2004; Zhao, Scheibe, et al. 2019; Zhao, Kumar, Harrison, et al.
2011; Shi et al. 2020; Mari et al. 2015). Compared to counting the number of available nodes in the whole network,
measuring the available nodes in the LCC/LFSN/LACC gives a better overview of the network performance against
disruptions as a bigger LCC/LFSN/LACC implies that the whole supply chain suffers less and needs less effort
to recover (Y. Li and C. W. Zobel 2020). Therefore, it ensures system robustness (Y. Li, C. Zobel, et al. 2019),
overall network connectivity (Zhao, Scheibe, et al. 2019; Thadakamalla et al. 2004) and that firms can deploy
contingency plans efficiently and effectively (Mari et al. 2015). Other publications measure the average shortest
path length in the LCC/LFSN/LACC (Shi et al. 2020; Zhao, Kumar, Harrison, et al. 2011; Y. Li and C. W. Zobel
2020; Mari et al. 2015), which evaluates the accessibility of nodes. This guarantees that supplies are close to
customers (Zhao, Kumar, Harrison, et al. 2011), speed of transportation (Shi et al. 2020; Mari et al. 2015) and an
efficient transportation of goods (Y. Li and C. W. Zobel 2020). Considering the shortest path length, however, can
be misleading as the average shortest path length is highly correlated to the size of the considered subgraph (Y. Li
and C. W. Zobel 2020). Finally, the maximum path length (Shi et al. 2020; Zhao, Kumar, Harrison, et al. 2011)
assesses the worst-case post-disaster speed of transportation.

DISCUSSION

In this section, we want to discuss our findings towards the proposed research questions:
Concerning the first research question, the considered measures can be divided into three main categories (node-
based, path-based, and subgraph-based) and several sub-categories. The subgraph-based measures pose a sub-group
of the other two as they assess both the connectivity and node characteristics (such as the number of connected
nodes). Despite the differences between the categories, the measures in specific categories differ in the set of nodes
they assess: Some authors evaluate supply chain resilience by considering all nodes, others only a subset (e.g.,
suppliers, customers).
As the aspects of the network structure the identified measures consider and the elements of supply chain performance
that are assessed are in tight relation, we answer RQ2 and RQ3 together:
In general, the node-based measures assess resilience regarding how many of the initial nodes are still available
after a disruption. In a post-disruption situation, a higher number of available nodes indicates a higher ability of
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the network to fulfill its intention. The node-based measures, however, do not give any information about the
connectivity between nodes. More specifically, focusing on supply chains, they measure how many initial suppliers,
manufacturers, etc., are still delivering goods, producing, etc. The metrics, however, do not capture information
concerning the transportation of products to and from these nodes. However, the latter is crucial for supply chain
networks where specific nodes perform specific tasks and where the failure of a transportation route connecting a
single source might halt the whole supply chain.
The path-based measures are the most used ones, and further differ in the degree of detail they capture network
connections. Some measures monitor whether a path still connects nodes. In the aftermath of disruptions, existing
paths indicate that flows can still pass between nodes. However, this measure does not provide any information
about the length of paths or the existence of alternative paths. For supply chains, applying this metric assesses the
number of nodes for which a transportation route exists, which allows the exchange of goods. However, it does not
capture the delivery distance, nor whether or not there exist alternative transportation routes.
A measure that overcomes this weakness is the one that measures the average shortest path length between nodes.
Additionally to the pure existence, this measure also captures the distance between nodes. On the downside, it does
not monitor the presence of alternative paths and is prone to structural bottlenecks. More specifically: The average
shortest distance is measured by considering only the shortest path between nodes. Consequently, if one of those
considered paths fails, the average shortest path might elongate highly. Secondly, due to the natural structure of
networks, many shortest paths probably depend on the connection pattern of just a few nodes. In case one of those
highly connected nodes is affected, it is likely that many paths elongate greatly. Lastly, a general problem with
the average shortest paths-metric is that in case of a fragmentation of the initial graph, the path length increases
to infinity as there is no longer a connecting path. To resolve the latter, considering the average inverse shortest
path length is recommended. This measure is regarded as a measure of global efficiency (Rubinov and Sporns
2010) and has the advantage that infinite paths add a value of zero. It, therefore, concentrates on the length of paths
in the connected subgraphs (Achard and Bullmore 2007). In terms of supply chain performance, assessing the
length of paths evaluates if products and materials can be delivered rapidly. However, this is prone to bottlenecks
such as airports and harbors. Many short transportation routes likely depend on those bottlenecks, which might be
problematic in the aftermath of disruptions as they might be overburdened.
A measure that evaluates the existence of alternative routes is the one that determines the number of paths between
nodes. The application of this measure alternates in that some publications consider the number of paths a single
node has in general (degree), between neighbors (clustering coefficient), or between any nodes. Compared to the
existence of paths, these metrics also assess the lack of connectivity as nodes with fewer paths are subsequently less
connected. On the downside, compared to the average shortest path length, these measures do not guarantee short
paths and are also sensitive to bottlenecks as a high number of alternate paths might depend on a few nodes. Towards
supply chain performance, these metrics assess the existence of alternative transportation routes. Alternative
transportation routes ensure flexibility as destroyed transportation routes or failed suppliers can be replaced by
alternative routes or other suppliers to which exist a transportation route. However, this metric is sensitive to
bottlenecks as it is still possible that different transportation routes depend on specific infrastructure such as harbors.
Lastly, the measure that assesses the size of the largest connected component already includes some of the
characteristics captured by other measures: It measures the number of still functioning nodes provided that they
are connected. Therefore, it assesses the performance of the whole network as it entails how the network can
operate compared to the pre-disruption situation. One benefit of this measure is that it makes the validation of the
connectivity of particular sets of nodes unnecessary (for example, suppliers and customers): In case one supplier is
part of the LCC, by definition, this supplier is connected to all customers that are also part of the LCC. On the
downside, however, this measure restricts the assessment of the network to the largest subgraph. If the initial graph
fragments into several subgraphs of similar size, the assessment might be erroneous as many still-functioning nodes
are not considered.
In terms of supply chain performance, this metric on one glance provides a quick view on the performance of
the whole supply chain network: In case the size of the largest connected component is about as big as the initial
network, the supply chain is likely able to fulfill its intended goal. However, as long as there are alternative routes
(which ensures connectivity of the LCC), it does not capture disrupted transportation routes. Assessing the path
length in the LCC further evaluates speed of transportation.

CONCLUSION

In this research, we conducted a systematic literature review to identify measures that are applied to evaluate the
resilience of SCNs.
We posed three research questions that guided our research: RQ1 focused on the kind of structural metrics that were
applied. We could answer the question by classifying the metrics into appropriate categories. RQ2 was centered
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around the benefits and limitations that come along with applying the specific measures. We highlighted network
characteristics each measure focuses on and stated what structural characteristics might be closely related but
not captured. RQ3 examined how the metrics assess supply chain performance when struck by disruption. We
answered this research question by highlighting different performance aspects that are linked to specific structural
characteristics.
Our literature search clearly is not without limitations. We made an effort to choose appropriate keywords to
encompass a broad field of literature and find all relevant publications. But, of course, it might be possible that we
missed essential publications.
Our research has theoretical and practical implications: Our overview of metrics shows that a couple of measures are
deemed suitable for assessing supply chain resilience. Each of them focuses on particular structural characteristics
and, therefore, specific aspects of supply chain performance that are considered. It should be verified if and what
measures are deemed appropriate from a practitioner’s perspective and applicable.
From a theoretical perspective, we see that quite some metrics are prone to structural bottlenecks. Maybe the
identification of those bottlenecks should be more in focus. Furthermore, after choosing a metric, a subsequent
step in SC resilience research is increasing supply chain resilience by changing the SCN. The goal is to alter the
underlying network so that when hit by disruption, the network still possesses structural characteristics captured
by the metrics of choice. In this regard, however, we see a strong focus on approaches that concentrate on the
size of the LCC/LFSN/LACC (Mari et al. 2015; Zhao, Kumar, and Yen 2011; Thadakamalla et al. 2004). Those
approaches create networks that have a scale-free structure and therefore remain close to the initial network size
despite nodes being disrupted. Due to the result of our research, we urge it essential to look for approaches that can
also change the SCN in terms of other characteristics, like the number and length of paths.
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ABSTRACT

Flooding relief operations are Dynamic Vehicle Routing Problems (DVRPs). The problem of people evacuation is 
addressed and formalized in this paper. Characteristics of this DVRP problem applied to the crisis management 
context and to the requirements of the rescue teams are explained. In this paper, several heuristics are developed 
and assessed in terms of performance. Two heuristics are presented and adapted to the dynamic problem in a 
re-optimization approach. An insertion heuristic that inserts demands in the existing plan is also proposed. The 
evaluation is conducted on various dynamic scenarios with characteristics based on a study case. It reveals better 
performances for the heuristics with a re-optimization approach.

Keywords

Vehicle Routing Problem, Flash floods, Dynamic

INTRODUCTION

In recent years, research has been conducted on the relations between climate change and the increase of disastrous 
events especially flooding events as studied in Booij 2005 and Tramblay and Somot 2 018. These events have a 
high impact on people and infrastructures. In fact Vinet et al. 2012 offers a summary of the human casualties 
and infrastructures damages from flooding events in France from 1983 to 2010 and estimates at least 252 human 
lives losses and 8,3 billion euros worth of damages. The ANR e-Flooding project Stolf et al. 2019 tackles this 
issue and aims at reducing the impact of flooding e vents. In collaboration with the SDIS 31 (firefighter entities 
for the Haute-Garonne department in the South of France in charge of rescue operations in flooding context) in 
this research project, this article focuses on the short-term response to flooding and more precisely flash floods. 
Flash flood is a type of flood where the water level rises in a very short time period leaving no time for rescue 
teams for anticipation. The faced problem considers people relief operations where victims need to be picked up by 
rescue vehicles. The victims are then conducted to the depot (rescue center) and considered safe once they are in 
the vehicles. These decision problems are known in the literature as Vehicle Routing Problem (VRP) and try to 
improve the routing of one or several vehicles in order to serve multiple locations.

One of the challenges in this problem is to plan the interventions for all the vehicles available for the rescue teams 
and optimize them. More specifically in this problem, vehicles have different specialties for interventions called 
categories. Furthermore, the capacity limitations of the vehicles have to be considered, which characterizes our 
problem as a Capacitated Vehicle Routing Problem (CVRP). In addition, some of the demands have too many 
victims to be rescued by a single-vehicle so the demands will have to be split. Moreover, resources do not allow
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to rescue all victims with one tour starting from the depot and back to it with relieved victims. Therefore plans
have to be made on several tours in order to empty vehicles and serve new locations. The emergency aspect of the
problem has also to be taken into account, rescue teams indeed associate to each demand a priority based on several
factors such as the vulnerability of victims. This priority is also associated with a deadline: the worst-case service
date. This classifies our problem also as a VRP with Time Windows introduced in Golden and Assad 1986. The
demand needs to be served after the beginning of the time window which here is the release time of the demand
and before the end of the time window: the deadline. A set of demands is known at the beginning of the crisis,
but most of the demands are revealed during the crisis for example through rescue team’s scouting or calls from
victims. These events are dynamic and need to be served therefore the plans have to be updated dynamically. This
characterizes this problem as a DVRP. The different types of considered dynamic events and the way to deal with
them are detailed later in this paper.

A wide literature exists on the DVRP but mainly on commercial issues. These problems do not consider priorities
on requests and often treat deadlines as relaxed constraints applying a penalty in case of violation. Furthermore,
computation time is not as important in such applications since they have a preparation period to compute initial
routes, and dynamic events are less frequent or less urgent to handle. The Crisis Management context, and more
specifically, the flash flood context, on the opposite, does not leave preparation time for rescue teams. Dynamic
events might be emergency requests that need to be handled as soon as possible. A support decision tool for this
type of problem must be able to answer such requirements and offer a solution to rescue teams in a short amount of
time for emergencies. Other Crisis Management problems often consider the delivery of supply to impacted areas
or the optimal deployment of a fleet of rescue teams, but none of them, at our knowledge, considers victims relief
operations as a VRP using a priority factor as the one used by rescue teams and central in our model.

This article proposes heuristics to this dynamic problem in order to answer the need of rescue teams. Strategies are
presented that define when re-optimizations are computed in relation to dynamic events releases. Several algorithms
are also presented and evaluated. An evaluation process with dynamic scenarios is conducted to assess heuristics
performances. This evaluation uses a simulator developed for this study that runs scenarios in simulated time
and models the communication of the vehicles with the Decision Center (DC) using a multi-process environment.
Coupled with a graph generator that allows the creation of customized crisis scenarios with adapted metrics that are
presented in this article, this simulator enables observation of the solutions’ performances. The contributions of this
article are listed below:

• The model of the problem and the mechanisms to handle dynamic events

• Several dynamic heuristics and the comparison of their performances on various types of scenarios

• An integration of a measure of dynamism and the definition of a demand distribution index in order to control
temporal and quantity aspect of the crisis scenarios

• A graph generator that generates scenarios with controlled values of dynamism and distribution

• A simulator to play crisis scenarios in fictive time and synchronize processes to recreate communication
between vehicles and the DC

The remainder of this paper is organized as follows. Section State of the art presents the literature around the studied
problem with a focus on the DVRP. Section Dynamic Problem describes the problem and explains the mechanism
to handle a dynamic problem. The dynamic scenarios and the tools to run them are presented in section Dynamic
Scenarios. The section Solutions presents the solutions developed to handle the problem. Finally the experimental
results are presented in section Experimental Results before Conclusion.

STATE OF THE ART

The VRP problems have been studied through various problems with very diverse characteristics as listed in Laporte
1992. The category of VRP that the article focuses on is the DVRPs. It is characterized by the reveal of information
or events during the execution of the previous plans during the crisis and over the time horizon. These events might
be of diverse types. The most widespread sources of dynamism in the literature according to Ritzinger et al. 2016
are:

• Dynamic Customers: It describes problems where the points of demands (location and characteristics) are
revealed dynamically. For example Gendreau, Laporte, et al. 2001 studies the relocation and deployment of
ambulances with interventions unknown in advance.
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• Dynamic Requests: In opposition to dynamic customers, information about the demand is known but the
quantity of goods or persons to pick up or deliver at the location is revealed during the problem. Sometimes
not before arrival at the node. This is the case of Van Hentenryck et al. 2010 where information is confirmed
upon arrival. They however have probabilistic information about the requests that help define online routing
strategies.

• Dynamic Travel Times: In these dynamic problems, the travel times of the vehicles are considered to be
variable over time like in Vu et al. 2020. This article studies the Traveling Salesman Problem (TSP) where
the travel time can vary with the date of departure.

Our problem gathers these three sources of dynamism. Indeed it is considered that the travel time might vary 
during the crisis because of the crisis management context and its unpredictable events such as a cut road. The 
problem can also be considered as a dynamic customer problem with the release of new demands over the crisis. 
For example with victims that call the emergency services to ask for an evacuation. Finally, our requests are also 
dynamic. Information might vary like the number of victims, the priority of the node, and the service time (time 
necessary to complete the relief operations at the node). DVRPs are divided into different types of problems as 
confirmed by Pillac et al. 2013. Stochastic VRPs or purely Dynamic VRPs.

Uncertainty on Stochastic VRPs can be treated over worst-case scenario as in Ilgaz et al. 2008. This approach is 
used to solve a stochastic requests problem with an exact method. R. Bent and Van Hentenryck 2003 and R. W. Bent 
and Van Hentenryck 2004 use a multiple-plan generation approach to solve stochastic customers problems by 
continuously generating plans for every possible value of the uncertain variables. This approach is suited for 
problems with a limited range of uncertain variable values. W.-H. Yang et al. 2000 used the same approach to 
generate multiple routes minimizing route costs on stochastic customer and request problems. The solution chosen 
is a restocking strategy where the purpose is to decide the best moment to go back to the depot for vehicle refilling. 
Policies can also be settled to treat dynamic information as in Van Hentenryck et al. 2010 or Albareda-Sambola 
et al. 2014 to estimate the best time period to serve stochastic requests. Archetti et al. 2020 uses a re-optimization 
approach, often used in purely dynamic problems, coupled with a Markov Decision Process to deal with stochastic 
release dates of customers for a parcel delivery problem.

Necessarily when no information is known in advance in DVRPs, other strategies have to be used. A lot of dynamic 
approaches use re-optimization, which means a static algorithm is run periodically or continuously to update the 
solution. Gendreau, Guertin, et al. 2006 uses this approach with a tabu search and a neighborhood heuristic. The 
algorithm is run at every new dynamic event.

When the dynamic of the crisis allows it, the exact method can better solve the problem, they often give better 
solutions even if they need more time to compute, like in Vu et al. 2020. But the re-optimization might be 
periodical as experienced in Archetti et al. 2020 that also used a deterministic model and tried to vary the period of 
re-optimization or J. Yang et al. 2004 that combines exact method and re-optimization policies. Policies are rules 
that state how to deal with each type of dynamic event depending on certain characteristics.

However, when the computation time is a strong constraint of the problem, routing policies are often used. A 
routing policy states step by step which demand is to be served next without establishing a plan for several future 
interventions. Potvin et al. 2006 tested different routing policies relevant to several cases including emergency 
services. Angelelli et al. 2009 also studied this category of solutions.

Hybrid options have also been studied like multiple horizon approach that uses strategies for a short term horizon 
and another approach for a long term horizon as Mitrović-Minić et al. 2004 that uses an improvement heuristic on 
a long term horizon. Wen et al. 2010 even combined three approaches in a three-phase rolling horizon strategy. 
Finally Larrain et al. 2019 use local search embedded in a tabu search in order to find better solutions. This last 
approach is interesting for the problem studied in their paper but the tabu search demands too much computation 
time and our paper does not deal with a problem over several days as in Larrain et al. 2019 but only a few hours.

In light of the solutions offered in the literature and regarding the specificity of  our problem, this paper offers 
different solutions to the Dynamic Capacitated Vehicle Routing Problem under Deadlines (DCVRPD) that fit the 
particular context and dynamic of a crisis management problem. It helps to answer the rescue teams’ (as SDIS 31) 
specific requirements and needs. These solutions are evaluated on different metrics for solutions quality as well as 
computation time which is a strong constraint in our problem. A wide literature exists on the DVRP and a part of 
it focuses on crisis management problems, however, to the best of our knowledge, there is no work dealing with 
rescue operations as a VRP that gathers all the constraints of our problem. Due to the specific context of flash

CoRe Paper – Analytical Modeling and Simulation
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022

70 



Florent Dubois et al. Dynamic Capacitated Vehicle Routing Problem

floods, most solutions are not adopted because of their computation time, too important to be adapted. That is why
we believe this article is a significant contribution to the domain.

DYNAMIC PROBLEM

Problem description

A crisis scenario is described as a graph G = (V, E) whereV is the vertex setV = [0, 𝑉] of size 𝑉 + 1, 𝑉 ∈ N.
The vertices of this graph are the demand points of the problem and the edges represent the shortest path between
locations. The vertex 0 is the rescue center where victims are driven by rescue teams and considered in safety.
V★ is the subset of V which excludes the rescue center. Edges are associated with travel time: for all 𝑖 and 𝑗 ,
𝑡𝑡𝑖, 𝑗 ,𝑐∀(𝑖, 𝑗) ∈ V2 with 𝑐 the category of the vehicle. Different categories of vehicles are considered in this paper.
Both nodes and vehicles are associated with a category.
Nodes 𝑖 ∈ V of the graph are described by:

• A demand 𝑑𝑖: number of victims

• A service time 𝑎𝑖: time to rescue the victims

• A category 𝑐𝑖

• A priority 𝑝𝑖: value of the priority factor determined by the rescue teams

• A deadline 𝑓𝑖: the latest date to serve the demand

• A release time 𝑟𝑖 date at which the demand is known

The objective is to optimize vehicles plans for multiple vehicles. LetM be the set of vehicles. To each 𝑘 ∈ M
is associated a category 𝑐𝑎𝑡𝑘 corresponding to the category of nodes the vehicle can serve. Vehicles also have a
maximum capacity noted 𝑄𝑘 . Since the fleet of vehicles is rarely enough to serve all demands in one tour because
of capacity limitations, plans are made on several tours 𝑧 ∈ Z = [1, 𝑍] where 𝑍 is the maximum number of tours,
separated by a passage through the rescue center to empty the vehicle.

In order to fully qualify a solution to the problem, 3 variables are needed:

• 𝑞𝑧
𝑖,𝑘

: number of victims to rescue by vehicle 𝑘 at node 𝑖 on tour 𝑧

• ℎ𝑧
𝑖,𝑘

: date of arrival of vehicle 𝑘 at node 𝑖 on tour 𝑧

• 𝑥𝑧
𝑖, 𝑗 ,𝑘

: Boolean equals to 1 if vehicle 𝑘 travels from node 𝑖 to node 𝑗 on tour 𝑧

Here follows the objective function:

min
∑︁
𝑖∈V

∑︁
𝑗∈V

∑︁
𝑘∈M

∑︁
𝑧∈Z
(ℎ𝑧

𝑖,𝑘
− 𝑟𝑖) · 𝑝𝑖 · 𝑞𝑧𝑖,𝑘 (1)

The objective function (1) is based on the notion of Flow-time which is the time between release and service of a
demand. It is the sum of Flow-times ℎ𝑧

𝑖,𝑘
− 𝑟𝑖 for each intervention of rescue vehicles, weighted by the priority

factor of the demand and the number of persons rescued at node 𝑖 by vehicle 𝑘 on tour 𝑧.

Dynamic Mechanisms

In real-life situations, there exist some demands that are not known at the beginning of the crisis and dynamic events
occur. In this work, different types of events are considered:

• New demands: Information about a new demand to be served is released through scouting or calls. This
creates a new request: a node is added to the graph and needs to be handled in the next plan update.

• Delays: When a vehicle is late regarding its plan after travel or service on a point of demand, it produces a
delay. This event allows to update the knowledge of the situation in the decision center and may update the
plans accordingly.
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Solving a dynamic problem raises several challenges. On one hand, there is a competition between the vehicles
serving their missions, and the decision center that tries to improve the plan. The decision center needs time to
compute and assign routes and missions to vehicles, but the vehicles are in motion. Hence new missions should not
be set in the near future. On the other hand, a decision needs to be made about when to relaunch computation to
update the plan.

In other words, according to the new events that are not yet taken into account, the question is: when is it worth
recomputing a new plan?

When we start a plan computation, a neutralized period called the Re-Computation Period (RCP) is defined from
the current date. The routing included in this period is immune to changes. In the case where computation is
still running when the end of this period is reached, the length of this neutralized period is doubled and the plan
computation is relaunched. This event is called an overtime. In fact, when this period is over, the decision center
could be questioning missions that are being served in the meantime, making the new plan obsolete.

The initial value for RCP is determined by experimentation. Figure 1 presents an example where the principle of the
RCP is illustrated on a single vehicle with a re-computation of the plans that might have been triggered by different
types of events. The RCP is illustrated through the second computation, interrupted because the computation time
reached the RCP value and it is not guaranteed that we would not question the demands that are being served. Also,
the third computation where the RCP is increased after interruption of the previous computation, shows missions
that are not questioned because in the RCP, and a mission later in the plan that is offset.

Re-Computation
number

1

Date

Re-Computation
Period

Computation Time

0

100

50

Vehicle Plan
Before 

Re-Computation

2

50

100

Overtime
Interrupted

3

150

100 x2 = 200

150

Editable Mission New Mission Fixed Mission

0 500 0 500 0 500

0 500 0 500 0 500

Vehicle Plan
After 

Re-Computation

Re-Computation Period

Figure 1. RCP example (dates and computation times are expressed in seconds)

A second mechanism is necessary to decide when to start a new computation. Three strategies have been proposed.
This first mechanism RCP is common to all three strategies.

• Preemptive: Computation is re-launched at every dynamic event. When a new event is released, computation
is interrupted and re-launched with the computation of the interrupted events incremented with the new one.

• Continuous: Computation is re-launched as soon as the previous computation ended, with the events that
were released during the previous computation but only after this computation is over. If no event was
released, the next event triggers the computation of a new solution.

• Buffered: Computation is launched at RCP interval with all the dynamic events since the previous computation.
Contrary to the continuous strategy, once the computation is over, it waits for the end of the RCP period and
the events released during this period are buffered.

Figure 2 illustrates how the different strategies work showing when computation of updated solutions is started 
depending on the release of new dynamic events. In this figure, the overtime process is not illustrated to clarify the 
explanations, but note that it does not affect how these strategies work. The buffers that have been displayed 
show
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Figure 2. Dynamic Strategies

the events that are taken into account in the computation under it. Therefore when an event disappears from the
buffer, this means it has been integrated into the plan.

To evaluate a dynamic problem, dynamic scenarios are generated. A dynamic scenario is constituted of data about
dynamic events and data of the graph representing the impacted area.

DYNAMIC SCENARIOS

To evaluate the characteristics of dynamic scenarios, metrics are defined. The dynamism used in the literature
represents the temporal distribution of the dynamic events over the time horizon of the crisis. The time horizon is
the period in which the problem is studied. For a dynamic problem, it represents the period from the start of the
crisis to the last dynamic event release. The dynamism measure is detailed in this section. Another characteristic of
the dynamic requests is the number of victims on each node called quantity to fit VRP literature vocabulary. A new
metric is defined in this section to evaluate the distribution of the number of victims among all the nodes. It is called
Quantity Distribution Index (QDI) and is coupled with dynamism metric to generate data for dynamic scenarios.

Metrics

Measure of Dynamism

To measure dynamism, different metrics are used in the literature. REF LARSEN represent time before the deadline
tor rescue, which could be called the urgency. In our problem, dynamism represents time between demand releases.

In our problem, the deadline means value is bigger than the average time between two releases. Therefore, the main
challenge is to handle many demands simultaneously and not to handle demands with short deadlines but spaced on
the time horizon. It is important to translate the temporal distribution of dynamic requests releases. As the most
appropriate to measure dynamism in our problem we choose the measure defined in VanLon et al. 2016

It suggests an approach that uses a 100% dynamic case as a reference for dynamism. This case is considered to be
the most dynamic case possible given a scenario: release times for demands are equally distributed over the time
horizon. In our problem, the deadline means value is bigger than the average time between two releases. In the rest
of the article, the word "dynamism" refers to the measure defined in VanLon et al. 2016. First the inter-arrival times
Δ is:

Δ := {𝛿1, ..., 𝛿 |V★ |−1} = {𝑟 𝑗 − 𝑟𝑖 , 𝑗 = 𝑖 − 1 ∀𝑖, 𝑗 ∈ V★} (2)

Then the 100% case is defined as the case where ∀𝑖 ∈ V★, 𝛿𝑖 = \ with \ = 𝑇
|V★ | the perfect inter-arrival time as

shown in fig. 3 . From this reference case, VanLon et al. 2016 defines a deviation between the release time of the 
demand and the one it would have in the 100% case, for every demand in V★:
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1

Perfect Interarrival Time

0 10
δi =  θ

100 % Dynamic Case

Figure 3. Example of the 100% case

𝜎𝑖 =


\ − 𝛿𝑖 if 𝑖 = 1 and 𝛿𝑖 < \

\ − 𝛿𝑖 + \−𝛿𝑖
\
· 𝜎𝑖−1 if 𝑖 > 1 and 𝛿𝑖 < \

0 otherwise
(3)

Consequently the total deviation on the entire scenario is defined as:

𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 :=
|V★ |∑︁
𝑖=1

𝜎𝑖 (4)

In order to normalize the measure of dynamism, VanLon et al. 2016 also defines the maximum deviation:

𝑚𝑎𝑥_𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 :=
|V★ |∑︁
𝑖=1

𝜎𝑖 , where (5)

𝜎𝑖 = \ +
{

\−𝛿𝑖
\
· 𝜎𝑖−1 if 𝑖 > 1 and 𝛿𝑖 < \

0 otherwise (6)

And finally:

𝐷𝑦𝑛𝑎𝑚𝑖𝑠𝑚 = 1 − 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝑚𝑎𝑥_𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
= 1 −

∑ |Δ |
𝑖=1 𝜎𝑖∑ |Δ |
𝑖=1 𝜎𝑖

(7)

Another metric is defined to translate the capacitated aspect and the balance of the quantity among demands of the
CVRP.

Measure of Quantity Distribution

The process uses the same idea as dynamism using a 100% case as a reference. This metric is called the QDI. It
refers to the 100% Distributed Case, which is when the quantity of every demands is equal to the same Perfect
Quantity Distribution (PQD) defined 𝛽 as:

∀𝑖 ∈ V★ 𝑞𝑖 = 𝛽 =

∑ |V★ |
𝑖=1 𝑞𝑖

|V★ | (8)

In this work, the quantity is distributed by setting the total number of victims according to the problem characteristics
and then dispatch them among the nodes. This case is only reachable when the total quantity among demands is
divisible by the number of demands which implies that some scenarios will not have a 100% Distributed Case. A
deviation from the 100% Case is defined: 𝜌𝑖 ,∀𝑖 ∈ V★. It is the difference between the quantity at node i and the
PQD 𝛽:

𝜌𝑖 = |𝛽 − 𝑞𝑖 | ∀𝑖 ∈ V★ (9)

The maximal deviation is defined considering that the minimum quantity for a demand is 1. The maximum quantity
is reached when all nodes have a minimum quantity except 1 node that hosts the rest of the victims.

To conclude, the scenarios for experimentation are characterized using the following two metrics:

• the dynamism from VanLon et al. 2016 to measure the temporal dynamics of the crisis in terms of distribution
of dynamic demands release times,

• the QDI to measure the distribution of quantity among demands.
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Graph and Data Generation

Solutions have been developed to answer a specific problem with a case study as a reference. Benchmarks from
the literature do not contain all information necessary for evaluation such as priority. Furthermore, we want to
conduct experimentation on instances similar to the case study of Luchon 2013. That is why, to evaluate solutions,
an experimental set is built. For this purpose, a graph generator has been developed that allows the generation of
parameterized graphs. The generator is based on zones to model the different areas of people density on the field. A
zone is associated with a size, a density of nodes, and a degree, which is the number of other nodes each node is
directly connected to. This zone has been represented as circles centered on the same point. Figure 4 displays an
example of a graph built with 3 zones (represented by 3 colors). The first zone has a degree of 3 and a density of 10
nodes per 𝑘𝑚2, the second a degree of 2 and a density of 5 nodes per 𝑘𝑚2, and the third a degree of 1 and a density
of 2 nodes per 𝑘𝑚2. These zones are not of the same sizes. The first has a radius of 1000m, the second 2000m, and
the last one of 4000m.
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Figure 4. Example of generated graph

This configurable graph generator allows creating graphs modeling diverse types of territories from a very populated
city where the central zones might be set to a high degree and density, to rural areas with few inhabitants and
therefore fewer victims and also few roads, implying link issues. Furthermore, once the graph has been built, the
nodes that turn into demand are selected along an impacted area represented through a polygon modeling the
flooded area. The rest of the data about demands has been extracted from the Experience Feedback (EF) of the
rescue teams. However, they are not complete so data following tendencies observed on EF needs to be generated.
Data is generated as follows:

• Priority: Uniform distribution among the different priority values. Note that the deadlines are associated
with the priority as follows:

Priority 1 2 3 4
Deadline (hours) 6 12 24 24

Table 1. Variables

• Action Time: Uniform distribution on the interval [300, 2100] in seconds. This interval was given by the
rescue teams from SDIS 31.

• Category: Categories of the demands are distributed proportionally to data extracted from EF.

The demand sizes are depending on the QDI. All the data are generated based on a total number of victims over all 
the nodes of the category. This number is extracted from EF and scaled to the size of the problem. To generate the 
quantity distribution series, several laws have been used:
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• For low QDI, a truncated normal law is used. The mean equals 𝑎 · 𝑛𝑏𝑣𝑖𝑐𝑡𝑖𝑚𝑠
2 and the standard deviation equals

𝑏 · 𝑛𝑏𝑣𝑖𝑐𝑡𝑖𝑚𝑠
4 . The best value for 𝑎 and 𝑏 to cover the range of quantity distribution are 𝑎 = 1 and 𝑏 = 1.6

• For high QDI, the distribution is based on a truncated normal law with characteristics meant to fit demand
sizes extracted from Luchon crisis EF. In this case, the distribution is truncated so that for all x-value:
𝑎 ≤ 𝑥 ≤ 𝑏, the mean of the distribution is equal to `, and the standard deviation is equal to 𝜎. Details are
given in table 2.

• For medium QDI, a truncated normal law of mean 𝑎 · 𝑛𝑏𝑣𝑖𝑐𝑡𝑖𝑚𝑠
𝑛𝑏𝑛𝑜𝑑𝑒𝑠

and standard deviation of 𝑏 · 𝑛𝑏𝑣𝑖𝑐𝑡𝑖𝑚𝑠 is
used. Values of 𝑎 and 𝑏 have been set to 𝑎 = 0.2 and 𝑏 = 1 by experimentation in order to complete the
specter of QDI values.

Category 1 2 3 4 5
Distribution Normal Normal Normal Single A single

Law ` = 45 ` = 3 ` = 3 victims node of 30
𝑎 = 10 𝑎 = 1 𝑎 = 1 at each
𝑏 = 120 𝑏 = 8 𝑏 = 6 node
𝜎 = 35 𝜎 = 2 𝜎 = 2

Table 2. Distribution laws for high QDI values series generation

Figure 5 is an example of a data set for quantity distributions generated by a truncated normal law. In this figure,
the quantity is displayed on the x-axis and the rate of total nodes on the y-axis. It shows data series for a highly
distributed scenario.
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0.000
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Figure 5. Example of a truncated Normal to generate Quantity distribution

Using these laws 10000 data series are drawn per law, sorted by QDI and stored in a data set. This process allows
covering the full specter of QDI values. When a quantity distribution series is needed for the experiments, it is
pulled from this set.
The same process is executed for the generation of time series associated with a given dynamism. For the dynamism
different generation laws are used:

• For low dynamism time series, a Non-Homogeneous Poisson process is used with a rate function _(𝑡) =
𝑎 · sin(𝑡 · 𝑓 · 2𝜋 − 𝑝 · 𝜋) + ℎ. The value of the parameters have been tuned in order to generate time series in
the desired dynamism range, the following parameters values have been set. The amplitude 𝑎 = 1.05, the
frequency 𝑓 = 2.5 · 10−4, the phase 𝑝 is generated with a uniform law between 0 and 1 and ℎ between −0.99
and 1.5.

• For high dynamism time series, a uniform law is used with a lower bound 𝑙𝐵 and a higher bound ℎ𝐵 computed
at each generation according to the time horizon 𝑇 and the number of nodes 𝑉 . Then 𝑙𝐵 = 𝑇

𝑉
− 𝑑𝑣𝑡 and

ℎ𝐵 = 𝑇
𝑉
+ 𝑑𝑣𝑡 with 𝑑𝑣𝑡 generated randomly by a normal law of mean 0.9 · 𝑇

𝑉
and standard deviation 1.2 · 𝑇

𝑉
.
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The fig. 6 shows time series dispatch on the dynamism range by number of time series on ordinates for each
dynamism value in abscissa for 10000 time series generated per law. The coverage of the dynamism specter of each
law is competitive on the transition values but it allows to ensure full coverage of all values for dynamism desired.

0 20 40 60 80 100
Dynamism

0

500

1000

1500

2000

2500
Cu

m
ul

at
ed

 N
um

be
r o

f s
ce

na
rio

s

Inhomogeneous Poisson Process
Uniform Distribution

Figure 6. Dispatching of time series by dynamism according to the generation process

For the rest of the paper, given a value of QDI or dynamism, the data series is selected for an interval of size 5
around this value. The last data series that need to be generated concern the other type of dynamic events: the
delays, more precisely their values and release dates of delays. Values have been obtained after discussions with the
rescue teams. For the travel time delays, the value is uniformly distributed between 60 and 900 seconds. The action
time delays values are picked between 10 and 120 seconds and are multiplied by the number of victims rescued
during the mission delay. According to the SDIS 31, 15% of the missions are delayed either on travel or service.
For the release dates, precise dates cannot be simply generated in advance since we do not know if a mission to the
node will be in progress at this date. Furthermore, in the perspective of comparing algorithms on the same basis,
the release time generation process needs to be ’fair’. For that purpose, a table of delays is generated for every node.
This table is constituted of one value for each period of 10 minutes, for the entire length of the time horizon. And
since the rate for delays is 15%, each value of as a 15% of being non-null and pulled from the ranges mentioned
above. Otherwise, the value in the table is null signifying there are no delays for these 10 minutes.
When a mission is executed at a node, the value of the delay is read in the table at the time period column
corresponding to the planned date of the arrival at the node.

It is necessary to have a tool to run the Dynamic scenarios for the evaluation process. A homemade simulator is
presented below.

Simulator

In this article, simulation is used to run crisis scenarios generated in advance. Thanks to the simulator, we are able
to run scenarios in simulated time to speed up the evaluation process. The simulator plays the different events that
would happen in real life, and calls the heuristics to find routes, then it communicates routes from the DC to the
vehicles and events from vehicles to the DC. In a real-life crisis, the solution would be used directly by the decision
center’s operators to help build rescue vehicle routes; the simulated part would be removed, the heuristics would be
directly used by operators with some inputs (demands, priorities, vehicles...).

The simulator was developed to answer several requirements for the dynamic experiments:

• Simulate the communications process between the DC and the vehicles during the crisis.

• Run a crisis scenario in simulated time to avoid time-consuming experiments in real-time. Thanks to
simulated time, one may run a crisis of several hours in a few minutes.

• Record and log different metrics during the crisis to evaluate the solutions’ qualities afterward.

The simulator is built as a multi-process application where each vehicle is represented with a different process 
as well as the DC. An ActiveMQ bus is integrated to enable the communication between the processes through 
different message formats as shown in figure fig. 7.
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Figure 7. Processes communication with ActiveMQ Bus

To ensure the synchronization of these processes and their communications, a metronome is used. This component
of the simulator also enables to play the scenarios in simulated time. Every process gives its date for its next event
(new request for the DC and arrival to a node or end of vehicle service) to the metronome and the metronome wakes
the processes in chronological order. Once a process is awakened, it treats the dynamic event, gives its next date
to the metronome, and goes back to sleep. The treatment of the events depends on the type of process and event
concerned:

• Vehicles: Vehicles can treat arrival to nodes or end of service to nodes. In both cases, the value of the delay
is computed according to the arrival date at the node and the delays table. The delay is sent to the DC. If the
event is the end of a service, the vehicle waits for the response from the DC with its next mission to execute.
Else the vehicle goes back to sleep until the date of the end of the service at the current node.

• DC: This process implements all the decisions to be taken. It treats received delays and new requests. The
DC synchronizes on the next new request in the data series. The synchronization can be interrupted by the
DC’s listener when it receives delay. In this case, the DC wakes up, treats the delay, and synchronizes on the
next release date. In all cases, the treatment is either the computation of a new plan or the bufferrisation of
the event depending on the strategy.

When there are no more new requests and when all the missions have been served by the vehicles, the simulation 
ends.

SOLUTIONS

When a dynamic scenario is run, algorithms have to be used at different dates to update the plans as explained 
above. Several algorithms are presented in this section.

Re-optimization

According to the dynamic of the crisis, the time to compute a new plan including dynamic events is too short to 
consider exact methods. Since static heuristics have been evaluated with goods performances on the static problem, 
the re-optimization using these heuristics is developed. In this section the static heuristics Best Flow-time Insertion 
(BFI) and Best Flow-time Insertion with Order Questionning (BFIOQ) are presented. These static algorithms are 
adapted to a re-optimization scheme. The mechanism implemented for this adaptation is presented in this section.

BFI is an insertion heuristic similar to the Best Fit allocation scheme from the bin packing problem literature. In 
this algorithm, the demands are sorted and inserted at the best position in the tours given defined c riteria. The 
demands are sorted by priority and then by decreasing size. This way the demand served first is the most likely to 
put higher constraints and impact on the objective score. This role is operated through a sortDemands function 
in the algorithm. The insertion criterion relies on the objective function (1). Flow-time Insertion Score (FIS)
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represents the impact an insertion has on the objective function. It is computed for the insertion in the plan of
vehicle 𝑘 to serve node 𝑗 after serving node 𝑖 as so:

𝐹𝐼𝑆(𝑖, 𝑗 , 𝑘) =
𝑝 𝑗 × (𝑡𝑡𝑖, 𝑗 ,𝑐 + 𝑎𝑖 + ℎ𝑧𝑖,𝑘)

𝑞𝑧
𝑗,𝑘

, ∀𝑧 ∈ Z, 𝑐 ∈ C (10)

If the insertion leads to a deadline violation, the function returns +∞. The simplified algorithm can be presented as:
queue_of _demands← sortDemands(V★)
for 𝑐𝑎𝑡 ∈ 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑖𝑒𝑠 do

for 𝑑𝑒𝑚 ∈ queue_of _demands do
for vehicle ∈ M do

for 𝑝𝑜𝑠 ∈ {1, . . . , planSize(vehicle} do
𝑠𝑐𝑜𝑟𝑒 ← 𝐹𝐼𝑆(𝑝𝑜𝑠, 𝑑𝑒𝑚, vehicle)
if 𝑠𝑐𝑜𝑟𝑒 < bestScore then

bestScore← score
bestVehicle← vehicle
bestPosition← pos

end if
if ∃bestVehicle&bestPosition then

insertDemand(bestScore, bestVehicle, bestPosition)
else

DeadlineViolation
end if

end for
end for

end for
end for

With functions:

• planSize: This function computes the available and valid position where the current demand might be inserted.
It might be at the beginning of the current tour of the vehicle, at its end, or between two already inserted
demands.

• insertDemand: This procedure inserts the demand in the plan once the best vehicle and position to insert
have been defined. Once it has done the insertion routine, it also updates the current tour if needed.

• DeadlineViolation: This procedure is used when during the execution of BFI or BFIOQ no vehicle is a valid
candidate for insertion without violating the deadline for the current demand. More details are given below.

In the case DeadlineViolation is called, all computation is dropped since the deadline violation is related to previous 
insertions. In this case, Earliest Deadline First (EDF) algorithm is used to find a solution that could not violate 
the deadlines. EDF is a scheduling algorithm introduced as Deadline Driven algorithm by Liu and Layland 1973. 
This algorithm as its name indicates, insert demands into the plan by order of deadline. Since several vehicles are 
available, the demand with the earliest deadline is inserted at the end of the route of the first available vehicle, in 
consideration of the state of the plan at the moment of the insertion. If a suitable solution is found, the heuristic 
returns the solution from EDF. The deadline is considered violated otherwise and an error is logged. In fact, if both 
BFI and EDF cannot manage to compute a valid solution, it is considered that the problem might be infeasible and 
human decision is required.
BFIOQ is only different from BFI from a routine launched after each insertion through a call to i nsertDemand. If 
the current turn of the vehicle already contains at least one other intervention, the order in which the demands are 
served is questioned using a brute force algorithm. Then the computation of the solution continues as described in 
BFI.
Since this algorithm is used in a re-optimization scheme, adaptations need to be made from the static version 
presented above. The algorithm has been adapted with a new parameter representing the current state of the crisis: 
current position of each vehicle, current load state (number of victims in the vehicles), and mission in progress at 
the time of re-optimization. This state parameter is updated each time a mission is attributed to a vehicle since it is 
considered in this work that once a vehicle starts the travel, the demand being currently served is not modified and 
the vehicle is not re-routed. The heuristics have been adjusted to begin planning starting from the current situation 
and avoiding questioning the currently served demand.
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Insertion Heuristic

Insertion heuristics show good results in the literature when computation time is an important issue of the problem.
This category of heuristics only inserts the new demand in the existing plan instead of recomputing the entire plan
with the new demand. For example Angelelli et al. 2009 and Albareda-Sambola et al. 2014 use such methods. A
strategy from Potvin et al. 2006 has been studied. They present an algorithm that inserts demands at the end of the
plan when they are released. The solution has been adapted and improved to insert demands at a different position
in the plan, not only at the end.

This insertion heuristic Flow-time Insertion Phase-out (FIP) uses an adaptation of the FIS presented in the section
above to compute the impact on the objective score to insert the new demand at the position of a planned mission.

For the insertion of demand at node i for vehicle k on tour z at the position of mission m of node m.node, the
Flow-time Insertion Phase-out Score (FIPS) is expressed as follows:

𝐹𝐼𝑃𝑆(𝑖, 𝑚, 𝑘, 𝑧) = 𝑝𝑖 · ℎ𝑧𝑖,𝑘 − 𝑝 𝑗 · ℎ𝑧𝑚.𝑛𝑜𝑑𝑒,𝑘
+

∑︁
𝑛∈𝑛𝑒𝑥𝑡𝑁𝑜𝑑𝑒𝑠

𝑝𝑛 × (ℎ𝑧𝑖,𝑘 − ℎ𝑧
𝑚.𝑛𝑜𝑑𝑒,𝑘

), (11)

where nextNodes is the list of all the missions in the plan after the phased-out mission.

These scores take into account the cost of removing the mission from the plan so the benefits from inserting the new
demand have to be worth phasing out the already planned mission. The objective is then to lower the score. The
mission with the lowest negative FIPS is then selected and the replacement is applied. The phased-out mission is
then placed in a queue of demands by priority order. The process is repeated as long as the queue is not empty.
If none of the planned missions is a fit for insertion, meaning no mission gives a negative FIPS, then a score
is computed for insertion at the end of the plan for each vehicle. The vehicle with the lowest score is selected.
Insertion in this vehicle is processed to fill the last effective tour and then another best vehicle for insertion at the
end is selected. This routine is repeated until the demand is served entirely. The algorithm might be simplified as:

queue_of _demands← newDemands
while queue_of _demands ∈ 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑖𝑒𝑠 do

𝑖 ← queue_of _demands[0]
list_of _missions← computeListOfMissions
𝑏𝑒𝑠𝑡𝑆𝑐𝑜𝑟𝑒 ← 0
while 𝑞𝑖 ≠ 0 do

for 𝑚 ∈ list_of _missions do
if 𝐹𝐼𝑃𝑆(𝑖, 𝑚, 𝑚.𝑣𝑒ℎ𝑖𝑐𝑙𝑒, 𝑚.𝑡𝑢𝑟𝑛) then

𝑏𝑒𝑠𝑡𝑆𝑐𝑜𝑟𝑒 ← 𝐹𝐼𝑃𝑆(𝑖, 𝑚, 𝑚.𝑣𝑒ℎ𝑖𝑐𝑙𝑒, 𝑚.𝑡𝑢𝑟𝑛)
𝑏𝑒𝑠𝑡𝑀𝑖𝑠𝑠𝑖𝑜𝑛← 𝑚

end if
end for
if 𝑏𝑒𝑠𝑡𝑆𝑐𝑜𝑟𝑒 ≠ 0 then

𝑖𝑛𝑠𝑒𝑟𝑡𝑀𝑖𝑠𝑠𝑖𝑜𝑛(𝑏𝑒𝑠𝑡𝑀𝑖𝑠𝑠𝑖𝑜𝑛) ← computeListOfMissions
else

𝑖𝑛𝑠𝑒𝑟𝑡𝐴𝑡𝑇ℎ𝑒𝐸𝑛𝑑 (𝑚)
end if

end while
end while

With the functions:

• computeListOfMissions: Computes the missions from the plan and returns a list of the missions, candidates
to be phased-out.

• insertMission: Replace a mission in the plan and add the phased-out mission in the queue of demands. The
quantity left to serve the demand inserted is updated.

• insertAtTheEnd: Selects the first available vehicle according to the plan already set and inserts all the possible
quantity to complete the last turn of this vehicle

In case a deadline violation is detected on an insertion (no insertion candidate offers negative FIPS without deadline 
violation), the score evaluation/insertion routine is re-launched but this time not looking for a benefit on the FIPS and 
no deadline violations. If after this routine, no valid candidate is found, the algorithm returns a deadline violation.
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EXPERIMENTAL RESULTS

The initial value for RCP is determined according to the size of the problem. Experiments have been led with
360 scenarios of various characteristics on the size of the case of study (60 points of demand). The mean of the
computation time for the BFIOQ algorithm, that is theoretically the more complex algorithm, overall computation
(more than 50 per scenarios) over all the scenarios have been born up to 4 seconds. To size this value to the
problem’s scale, the quadratic complexity of the BFIOQ algorithm is used. For example for a problem of size 180
nodes, the initial RCP is calculated as follows:

𝑅𝐶𝑃(180) = 𝑅𝐶𝑃(60) ×
(
𝑃𝑟𝑜𝑏𝑙𝑒𝑚𝑆𝑖𝑧𝑒

60

)2
= 4 ×

(
180
60

)2
= 36 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 (12)

The value for the initial RCP could be selected with any value consequent with characteristic computation time
during the crisis but the advantage of selecting it from a set of experiments is to reduce the number of overtimes by
being more accurate at the beginning of the crisis.
The experimental set is based on Luchon’s flooding data. Therefore the scale is set accordingly with 15 initial nodes
and 45 dynamic requests for a total of 6 nodes to serve. The dynamic requests are released over a time horizon of 4
hours. The experimental set is built on 6 dynamism values from 0 to 100 with a step of 20, 6 QDI values from the
same range, and for each pair of (dynamism, QDI), 10 scenarios are generated following the above process. This
makes a total of 360 scenarios in the set.
The set is used to evaluate the three algorithms presented in this article each associated with the three strategies for
a total of 9 combinations. The simulator has been dockerized and the simulations are conducted on nodes of the
platform Grid’5000, a french large-scale academic platform for experiment-driven research in all areas of computer
science. Experiments with 6 containers in parallel have been driven on nodes with 2 CPUs Intel Xeon E5-2630 v3
of 8 cores and 128 GiB of memory.

Figure 8 displays the evolution of the objective score according to the dynamism for all 9 combinations of algorithms
and strategies. As specified in the legend, the colors represent the algorithms and the shapes of the markers the
strategy used. The objective score is one of the main criteria of comparison taken into account for this evaluation
section. It is the value of the objective function considering all the demands served during the duration of the
simulation. For this figure, the mean of the objective score is computed on all the scenarios of the given dynamism,
whatever the QDI. Consequently, every point of the figure represents 60 scenarios. The results of this figure as
well as all the graphics in the evaluation section have been normalized by the best algorithm/strategy scenario by
scenario when plotting the flow-time score.
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Figure 8. Objective score normalised by the best in function of Dynamism

The results do not show a clear superiority of any of the algorithms or strategies from this perspective and the 
differences of objective scores are very low for one algorithm and strategy from another. However a tendency is 
observable where BFI and BFIOQ show similar trend unlike FIP. In fact, FIP seems to show better performances
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than the other algorithms for high dynamism whereas for low dynamism values BFI and BFIOQ show better
performances. Figure 9 confirms that by displaying the same results and merging all the strategies for each algorithm.
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Figure 9. Objective score normalised by the best algorithm in function of Dynamism Merging strategies to display
algorithms

On the opposite, when trying to display these results by merging all algorithms for each strategy like in fig. 10, one
can observe a small advantage for the Continuous Strategy over the Buffered Strategy which itself shows better
results than the Preemptive strategy.
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Figure 10. Objective score normalised by the best strategy in function of Dynamism Merging algorithms to display
strategies

These results show that BFI and BFIOQ have better performances at low dynamism compared to FIP. At low 
dynamism, the new requests are released by batch: several demands in a short amount of time. BFI and BFIOQ 
re-compute all the solutions when re-optimizing, when the dynamism is low, there are more demands to question 
and therefore more possibilities of gain for these algorithms compared to FIP that computes a gain one by one. On 
the opposite when the dynamism is high, the release dates are more equally distributed over the time horizon, which 
leads to fewer opportunities for gain for BFI and BFIOQ. On the contrary FIP is not concerned by this drawback at 
high dynamism and shows better results in term of computation time as displayed in fig. 11a, which allows it to 
close the gap and even be better may be due to other factors.
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The fig. 11b displays the mean RCP at the end of the simulation which corroborates the results of the computation
time performances displayed in fig. 11a and might have less negligible impact at higher scale. In fact, since we time
the RCP by 2 at every overtime, the final RCP is the initial RCP times the number of overtimes power 2.
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Figure 11. Graphics of the evolution of errors over 30 scenarios in function of problem size

In fig. 10 mentioned above, results also show better performances at low dynamism for the Continuous strategy 
which is coherent since it is the strategy that updates the solution the most often. Then comes Buffered strategy that 
sometimes waits before re-optimizing and finally Preemptive strategy that might interrupt re-optimizations and 
lead to serve demands later. These trends are obviously put forward at low dynamism since release dates are more 
likely to be close increasing the impact of computation time in regards to time between re-optimizations. At high 
dynamism, the release dates are more distributed and as observed there are no clear results for high dynamism 
values. These results confirm the results from VanLon et al. 2016 that stated that dynamism influence the quality 
of solutions. BFI and BFIOQ keep satisfying performances at high dynamism whereas FIP is very bad at low 
dynamism. This motivates the choice to use the re-optimization heuristics in all scenarios of this scale.

The other metric (QDI) has also been evaluated but no tendency has been observed on its influence on the solution’s 
qualities.

For the evaluation process, if an algorithm does not achieve to find a solution without violating deadlines during the 
simulation, the scenario is counted as an error.

The scenario is then removed from the pool of scenarios for the evaluation. However, this case has not been 
encountered during this experimentation. The scale of the experiments was not big enough or the resources too 
comfortable to challenge the algorithm sufficiently to conduct to deadline violations er rors. To evaluate the resilience 
of the algorithms to deadline constraints, another experimental protocol has been built. The objective is to set 
values of dynamism and QDI but change the size of the problem without increasing the available resources. The 
values for dynamism have been set to 80 and the QDI to 60, values for which the former results showed the clearer 
tendency. fig. 12 displays the evolution of the number of errors (over 30 scenarios) by a lgorithms. The figure shows 
that FIP produces more than 2 times more errors when the size reaches 100 nodes and more. This makes sense 
since FIP tests fewer possibilities for insertions of new demands and questions less the current plan so in the long 
term this leads more likely to deadline violation situations. The strategy does not have clear differences toward 
resilience to deadline constraints.

In conclusion, FIP developed as an improved strategy from the literature have shown better performances in terms 
of computation time compared to the algorithms BFI and BFIOQ. It also shows slightly better results for scenarios 
with high dynamism and low quantity distribution. However, the differences are very little in the situation where it 
has the advantages. In the other situations, BFI and BFIOQ show higher performances even if they are slower to 
compute an updated solution. Furthermore, these algorithms are more resilient to constraints which means they 
are more likely to produce a valid solution even in difficult si tuations. However, it would be interesting to study 
an higher scale of problems with also scaling up the resources. In this context, the algorithm might have enough 
resources to avoid deadline violations contrary to the second experiment, but the computation time would probably 
increase and the inter-arrival time reduced which could give an advantage to the algorithm like FIP that have lower 
computation time.
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Figure 12. Comparison of algorithms errors merging strategies to display algorithms

CONCLUSION

This article presents a model for the short-term problem of victim relief operations faced by rescue teams during
flash flood events. The dynamic aspect of the problem is developed and 3 algorithms have been introduced. On
the one hand, BFI and BFIOQ, which have been developed originally for the static version of this problem, are
adapted to solve dynamic problems. On the other hand, FIP is based on insertion heuristics from the literature and
is adapted to the constraints of this problem. These 3 heuristics are adapted for re-optimization approaches that are
best fitted to solve problems with these characteristics. In this context, three strategies for re-optimization have been
presented: Buffered, Continuous, and Preemptive.

To evaluate these algorithms and strategies in a dynamic context, a graph generator has been developed. It generates
dynamic scenarios with a controlled dynamism and QDI, a metric that evaluates victims’ proportion distribution
among demands.

A multi-process simulator is also presented to play crisis scenarios in simulated time. Simulations have then
been run to evaluate the performances of the algorithms and strategies facing various types of dynamic scenarios.
Results highlight that BFI and BFIOQ offer better performances and resilience to deadline constraints. However,
the computation time is higher than heuristic like FIP and could lead to considering new demands later but the
impact was not significantly observed at this scale of experiments.

The model might be generalized to other emergency operations such as the delivery of foods and supplies to impacted
areas or the interventions of specialized teams on electrical infrastructures for example. Future experiments are
to be conducted to evaluate the results at a higher scale, which could lead to different observations with a more
degraded situation and more demand to serve in the same time horizon
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ABSTRACT

Information on large-scale disaster areas, like the location of affected civilians, is highly valuable for disaster relief
efforts. This information can be collected by an Aerial Monitoring System, using UAVs to detect smart mobile
devices carried by civilians. State-of-the-art systems typically rely on a purely passive detection approach. In this
paper, we present a cooperative communication system between UAVs and ground-based devices to improve the
detection performance of such an Aerial Monitoring System. We provide different approaches for the cooperative
information collection and evaluate them in a simulated inner-city scenario. The results highlight the effectiveness
of the cooperative system, being able to detect civilian devices in the disaster area faster and more comprehensively
than a non-cooperative approach.

Keywords

Aerial Disaster Monitoring System, Delay-Tolerant Networks, Cooperative Network Protocols, Simulation

INTRODUCTION

The increasing occurrence and severity of small- and large-scale natural disasters caused, for example, by extreme
weather conditions in recent years (Université catholique de Louvain (UCL) 2019; Toya and Skidmore 2018;
Gallucci 2018; Ranghieri and Ishiwatari 2014), led to an increase of scientific contributions to the fields of disaster
preparedness and disaster relief. Especially due to the frequent and extensive destruction of infrastructure for
information and communication technologies (ICT) like landlines or cellular networks, there is a necessity for
innovative approaches to restore the desperately required communication for the affected civilian population (Toya
and Skidmore 2018). Within this specific field, the use of Delay- and Disruption-Tolerant Networks (DTNs) in
combination with Unmanned Aerial Vehicles (UAVs) have already proven their justification for existence.

On the one hand, DTNs provide basic communication capabilities for the affected civilians and are capable of
supporting disaster relief services (Álvarez et al. 2018; Lieser, Alvarez, et al. 2017). They work independently of
destroyed ICT infrastructure, by spanning short-ranged multi-hop networks, for example, by the use of WiFi Ad Hoc
communication between mobile smart devices of civilians (Álvarez et al. 2018; Lieser, Alvarez, et al. 2017; Mori
et al. 2015; Toya and Skidmore 2018; Baumgärtner, Lieser, et al. 2020; Hollick et al. 2019). On the other hand,
however, disaster DTNs are usually fractured over large distances and exhibit a highly intermittent network topology,
with dense clusters around points-of-interests like shelters and sparsely populated areas in-between (Álvarez et al.
2018). Despite employing robust store-carry-forward communication protocols that are able to cope with highly
mobile and fractured network topologies, the exchange of information between distinct network clusters is solely
dependent on the opportunistic mobility of the network nodes between these clusters. In other words, civilians
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that carry messages inside their smart device like in a digital backpack are required to move between disconnected
network partitions to enable communication between these clusters. But as debris or flooding may inhibit the
mobility on the ground, especially in a disaster scenario, inter-cluster communication is, as a result, at least scarce
and tedious, if possible at all (Álvarez et al. 2018; Zobel, Lieser, Meuser, et al. 2021).

For that problem, a communication assistance system of one or multiple UAVs can be installed within the disaster
area. The UAVs either can be used as aerial access points to a relay network mimicking a cellular network (Li
et al. 2019), or as quick and efficient mobile data carries between network clusters (Qin et al. 2019). The first
approach could provide a comprehensive network coverage that replaces the destroyed ICT infrastructure with small
communication delays between senders and receivers. However, this may require an enormous number of UAVs
and supporting infrastructure like chargers to maintain the relay network in large-scale disasters. In contrast, the
latter approach can be applied with only a single UAV acting as a data carrier moving from cluster to cluster to
collect and disseminate messages. Nevertheless, the performance may further increase with more data carriers
available. The disadvantage of this approach is that message exchange is still delayed in direct correlation with the
flight time of data carriers and distances between clusters (Lieser, Zobel, et al. 2019). Still, both approaches are
good alternatives to fixed installments like long-range communication links over directional antennas, due to their
flexibility to accommodate shifting disaster scenarios without requiring specialized hardware within each network
cluster. Similarly, satellite-based communication is usually not available due to a widespread lack of satellite phones
or comparable devices in the civilian population1.

The biggest drawback of applying UAVs to support communication in a disaster scenario is the necessity to have
information on the network topology, i.e., the location of civilians and DTN devices. Similar to almost all disaster
relief efforts, rescue teams, or emergency services, such information is usually not available despite being paramount
for efficient disaster relief (Mozaffari et al. 2017). UAVs are, however, also capable of collecting information on
civilians and the disaster area, for example, by visual observation with on-board cameras or by tracking wireless
communication signals, such as DTN beacons (Li et al. 2019; Zeng et al. 2019; Rubina et al. 2019). As part of an
Aerial Monitoring System (AMS), UAVs can be deployed efficiently to monitor the disaster area, initially gathering
important information on the location of civilians and keeping it up-to-date throughout the deployment. In previous
work, we have presented the basic properties and requirements of an AMS. A large negative impact on system
performance was detected to be the passive device monitoring approach, which requires an overlap of the area a
UAV is currently able to monitor and the area that some action of a device is perceivable, both in space and time.
Thus, we proposed a highly simplistic approach to split the monitoring effort between UAVs in the air and the
ground-based DTN (Zobel, Meuser, et al. 2021).

In this paper, we present CAMON (Cooperative Aerial MONitoring), a system for cooperative aerial-ground
network monitoring between the Aerial Monitoring System and the civilian Disaster DTN. The goal is to improve
the efficiency of the aerial disaster network detection by overcoming the purely passive monitoring approach of
state-of-the-art systems, while simultaneously being a lightweight solution that can be integrated into typical
DTN communication protocols or used for standalone network detection. Specifically, we present three different
approaches to collect the network information in CAMON and share it with the UAVs: (1) distributed proactive
collection, (2) centralized proactive collection, and (3) reactive collection. The simulative evaluation of these
protocols highlights different advantages and drawbacks depending on the aspired system requirements. Despite
a particularly large impact on communication overhead, cooperation can provide a significant benefit to disaster
network detection.

The rest of the paper is structured as follows. In the next section, related work on network detection and Aerial
Monitoring Systems is discussed. Afterwards, we provide an overview of our Aerial Monitoring System and the
Delay-Tolerant Network, before specifying the cooperative aerial monitoring system CAMON. The evaluation of
CAMON and its different cooperation protocols is presented in the subsequent section. Finally, we conclude the
paper and discuss further approaches for future work.

RELATED WORK

The exploration and monitoring of areas is one of the many applications for Unmanned Aerial Vehicles (UAVs).
Typically for search-and-rescue missions, this includes visual observation to identify victims in a disaster (Rémy et al.
2013; Mezghani and Mitton 2019; Scherer et al. 2015) or localize forest fires (Belbachir et al. 2015). Furthermore,
UAVs can be used to support ground vehicles by providing additional information from an aerial viewpoint (Guérin
et al. 2015). Another, more recently emerged application for UAVs is the support or complete provision of

1E.g., the Iridium satellite network had only about 1.5 million users worldwide in 2020. (2020 Annual Report, Iridium Communications Inc.)
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communication capabilities to devices on the ground. This can include acting as a relay network or as specific 
access points, for example, for WiFi, LTE, or 5G (Li et al. 2019; Lieser, Zobel, et al. 2019).

However, these approaches usually require knowledge on the location of devices, which can also be provided via 
identification a pproaches. Since visual identification has the drawback of requiring line-of-sight, which can easily be 
obstructed, other approaches use radio transmission for identification and l ocalization. By listening for WiFi packets 
such as DTN beacons, the object can be located either by triangulation or the message itself contains the location 
information (Rémy et al. 2013; Rubina et al. 2019). Nevertheless, this identification requires a spatio-temporal 
overlap of the device and the UAV, i.e., an overlap of the device’s transmission range and the UAV’s reception range 
at the time of a transmission from the device.

In case a UAV-based service must be provided to a large area, multi-UAV systems are used, which split the workload 
among multiple UAVs usually over multiple smaller sub-areas (Sánchez-Garcia et al. 2019; Khan et al. 2014). For 
both single- or multi-UAV systems, areas must be traversed to identify devices or provide their service. Trajectories 
are determined based on the overall objective or service criteria. For that, several approaches, such as moving 
between grid cells (Khan et al. 2014), moving randomly through the area (Sánchez-Garcia et al. 2019), using 
bio-inspired algorithms like Particle Swarm Optimization (PSO) (Eberhart and Kennedy 1995; Arafat and Moh 
2021), or a lawnmower or Boustrophedon pattern (Peralta et al. 2020; Hayat et al. 2020), have been discussed in 
literature before. For the initial assessment of the disaster area, when no knowledge of the situation is available, full 
area coverage is desirable. Calculating such a trajectory is also known as coverage path planning and is possible 
with an exhaustive lawnmower path for an Aerial Monitoring System. Even though this requires a long time to 
traverse the whole area, it provides a complete snapshot of it (Hayat et al. 2020).

Ad hoc networks and specifically Delay- and Disruption-Tolerant Networks (DTNs) are a large field of research due 
to the diverse applications in areas without working telecommunication infrastructure, such as disaster areas (Lieser, 
Alvarez, et al. 2017). Depending on the used DTN protocol, all nodes, for example, remember already encountered 
nodes, know their local 1-hop neighborhood, or know all other nodes within their local network cluster (Khelil 
et al. 2007; Lindgren et al. 2012). More sophisticated protocols could also proactively maintain communication 
routes to all nodes within their cluster (Battat et al. 2014) or determine nodes as special cluster heads or data 
sinks (N. Richerzhagen et al. 2015)

CAMON: COOPERATIVE SYSTEM FOR DISASTER NETWORK DETECTION

The collection of valuable information on a disaster area is one of the paramount first steps for efficient disaster relief. 
This could be, for example, an overview of the disaster area itself or specific information on infrastructure, roads, or 
the affected p opulation. As already highlighted in the introduction, we assume that a Delay- and Disruption-Tolerant 
Network (DTN) is used to provide basic means of communication to the civilians within that area and that, in the end, 
we aim to support that disaster DTN with a UAV-based aerial communication assistance system (Lieser, Zobel, et al. 
2019). However, this requires knowledge on the whereabouts of DTN devices, and therefore, we specifically target 
at the localization of smart devices worn or carried by the affected civilians within this p aper. Note that although we 
focus only on the application of an aerial communication assistance system, this information is nevertheless similarly 
important for other disaster relief efforts. Within this section, we discuss the Aerial Monitoring System (AMS) that 
is used for disaster network detection, the disaster DTN itself, and the different approaches for cooperation between 
AMS and DTN.

Aerial Monitoring System

The deployment of an Aerial Monitoring System (AMS) within a disaster scenario allows quickly asserting 
the situation by gathering essential information, such as the location of affected c ivilians. UAVs are generally 
independent of destroyed or blocked roads and can move quickly over the disaster area, making them a great tool 
for reconnaissance and monitoring. The gathered information can be used to immediately navigate emergency 
service teams to where they are needed, but also to determine the optimal location or routes for UAVs of an aerial 
communication assistance system.

In our case, we rely on the detection of wireless signals from smart mobile devices, such as DTN beacons from 
smartphones of affected c ivilians. To sense a beacon message with a UAV of the AMS, an overlap of the transmission 
range of a DTN device and the reception range of a UAV is required in both space and time; i.e., the UAV must be 
able to receive the beacon at the time the DTN device is sending and, thus, the beacon can easily be missed. The 
performance of the AMS, such as the number of detected nodes or the age of that information, is directly related 
to several factors and requirements of the deployed AMS. For example, depending on the size of the operation 
area and the number of available UAVs and their properties like flight range or speed, it may be necessary to split
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the operation area into smaller monitoring areas. However, allocating monitoring areas is also influenced by the 
used coverage path planning approach, for example, a simple random traversal, a lawnmower (back-and-forth) 
path, or a distributed PSO-based approach (Eberhart and Kennedy 1995), the (assumed) communication range of 
DTN devices and UAVs, and so on. Requirements on the AMS’ performance, like a maximum age-of-information, 
can bring further restrictions on the application of the monitoring UAVs. Many factors influence each other; for 
example, increasing a UAV’s flight speed can lead to quicker results, but also increases the power consumption, 
which in turn may require either adapting the size or decreasing the coverage of the monitoring area. Covering all 
these factors and requirements, for example, as an optimization problem to get the best monitoring area allocation 
is not within the scope of this paper and is left open for future work. Instead, we rely on manually splitting the 
monitoring areas, similar to a human system operator.

For the AMS in this work, we use a system design comprised of a single base station and multiple quadrotor 
multicoper UAVs, as described in previous work (Lieser, Zobel, et al. 2019). The base station acts as a central 
system controller and provides infrastructure for starting, landing, and recharging UAV batteries. UAVs are capable 
of starting and landing at the base station, but can also autonomously monitor a certain monitoring area that is 
given by the base station. Communication between the base station and UAVs is possible over a low-throughput 
connection such as a satellite link or an LPWAN link like LoRa. Therefore, this communication link is not capable 
of transmitting larger data sets, such as the monitored data, but can be used as a control channel. UAVs are also able 
to communicate via WiFi with ground-based DTN nodes within a limited range around them. Specifications on the 
UAV-DTN communication and the UAV flight paths are given in the following sections.

Disaster DTN

The disaster network is comprised of several devices, which are capable of wireless communication via WiFi within 
a limited range around them. Each DTN device has a unique identifier and access to its location, e.g., using GPS. 
With the use of a DTN protocol (cf. Penning et al. 2019; Khelil et al. 2007), nodes within transmission range span a 
device-to-device multi-hop network between each other.

A vital part of each DTN protocol is the broadcast of beacons, making devices visible to each other and allowing 
recognition as a neighbor in the local DTN network. Thus, each device holds a list of known nodes in their direct 
1-hop neighborhood. Beacons are regularly broadcasted by each device, either statically within a fixed or within an 
adaptive announcement interval, for example, based on the number of neighbors. In case a neighbor’s beacon was 
not received within a certain time frame, we assume it moved outside of the communication range, and therefore, 
the neighbor is removed from the respective list. The interested reader is referred to (Baumgärtner, Graubner, et al. 
2017) for more information on DTN announcement intervals.

Beacons may also include additional information like stored messages, the location of the sender, or other known 
neighbors, and can be used to identify the local cluster that DTN devices belong to, i.e., through a cluster hash ID. 
This information then can be used to detect changes in the local network topology, e.g., new devices merging into 
the local cluster or a fragmentation of the network (Khelil et al. 2007). For that, devices may also hold an additional 
list containing all known nodes in their local cluster. Which content is included in the beacons and how they are 
exchanged is presented in detail for the respective protocols in the following section.

CAMON: Cooperative Aerial-Ground Network Monitoring

One of the largest restrictions on the AMS’ performance is the approach for detecting and monitoring DTN devices. 
Typically, UAVs traverse the monitoring area and passively sense for DTN beacons. As already discussed, this can 
lead to missed beacons in the AMS, as both UAV and DTN device must be in each other’s reception and transmission 
range, respectively. Splitting the effort for node detection between the UAVs in the air and the DTN devices on the 
ground, however, has shown to be a possible improvement to the detection process (Zobel, Meuser, et al. 2021).

In this paper, we present the Cooperative Aerial-ground Monitoring System (CAMON), a system for communication 
between an AMS and a DTN for the cooperative detection and monitoring of a disaster network. With CAMON, we 
shift the workload of information collection on the network from a purely passive approach on the UAVs towards 
a shared approach between the nodes in the ground network and the UAVs in the air. The goal of our system 
is to provide a lightweight solution for cooperative network detection that can be integrated into typical DTN 
communication protocols on the one hand, but is also capable of standalone network detection on the other hand. 
For that, we defined three different protocols within CAMON which primarily determine the content of beacon 
messages and the message exchange in the DTN. In all protocols, beacons are sent within a fixed time interval.

The UAV is still required to listen for DTN beacons, as this is the only possibility to detect the presence of a DTN 
device. However, on the reception of a beacon, the UAV may actively send a Cluster Information Request 
(REQ)
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(a) Beacon: UAVs can only detect nodes within their communica-
tion range by listening to beacons.

(b) Proactive: Nodes recurrently flood information in the net-
work (red). When receiving a REQ message, the contact node (blue)
immediately transmits its current state of information (ticks) to
the UAV.

(c) Hierarchy: Nodes construct and maintain a hierarchical
structure (red) with a central Cluster Head (CH). When receiving
a REQ message, the contact node (blue) transmits its information
on their hierarchical layer (ticks) to the UAV.

(d) Reactive: When receiving a REQ message, the contact node
triggers the information collection in the cluster (grey). Up-to-date
information is shared in the network (red) and transmitted to the
UAV via the contact node (blue).

Figure 1. Sketches for the presented CAMON protocols. Information flow in the DTN is denoted by red arrows. The
contact node receiving the Cluster Information Request (REQ) message is marked in blue. Cooperatively detected
nodes received as part of a Cluster Information Reply (REP) message are marked by ticks.

message to the beacon’s origin. In turn, that DTN device may answer with a Cluster Information Reply (REP) 
message that contains the known information of the local cluster. To prevent broadcast storms—overloading the 
network with excessive message flooding—, devices are addressed individually by UAVs. Furthermore, UAVs will 
not contact other devices within a certain response wait time and also not contact devices from the same cluster for 
a certain cluster re-request time after receiving cluster information. In case the cluster topology changes, however, 
the hash ID of the cluster will also chance and, therefore, the UAV sends an additional REQ outside of that pause 
interval. The exact procedure depends on the applied protocol, which are discussed in the following. Sketches of 
the respective protocols are shown in Figure 1.

Non-Cooperative Protocol (Beacon)

The non-cooperative protocol (cf. Figure 1a) is used as a baseline comparison for the cooperative CAMON protocols. 
All REQ messages from UAVs are dropped and no cooperative communication between DTN nodes is conducted. 
In this protocol, devices send minimalistic beacons only including their ID and location. Therefore, each device 
must be detected individually by the UAVs, which is the standard case without a cooperative network detection 
approach.

Distributed Proactive Protocol (Proactive)

In the distributed proactive protocol (cf. Figure 1b), devices actively share all available information, i.e., their 
own location, the knowledge of their direct 1-hop neighborhood, as well as the knowledge of all devices in 
the local network cluster within their beacons. Each datum for a known device is stored and exchanged as a 
Triple (ID, Timestamp, Location). Whenever a beacon is received, the information on the sender is directly updated. 
Additionally, beacons can include information on the local cluster as seen from the beacon sender. Each datum of
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the received beacon is inserted into the device’s knowledge base after checking that the received datum is more 
recent than an already stored datum. The device sends its updated information with its next beacon to also inform 
the rest of the neighborhood.

However, not every beacon must contain information on the neighborhood and the local cluster, as this would 
require significant bandwidth and could overload the wireless m edium. Especially when the transmitted information 
contains no new information, it is redundant and should not be sent. Thus, network information is only appended to 
a beacon if there was a perceivable change, either that (i) a beacon of a currently unknown node was received, (ii) a 
beacon of a known neighbor was not received for a certain time, or (iii) a neighbor sent a beacon with a different 
cluster hash ID. While the former two cases are directly indicating a topology change locally, the latter shows a 
change in the local cluster outside the 1-hop neighborhood. As an additional precaution to limit broadcast storms 
and redundancy, all devices only append their information to their next beacon if no other beacon with the same 
information is received until then.

With that, the proactive protocol is a simple flooding-based approach for information exchange amongst the DTN 
devices. Information is available on all nodes and updates are propagated whenever reasonable changes occur. 
Therefore, on the reception of a REQ message from a UAV, a device directly replies with the available information; 
no further communication within the DTN is required. However, data may be inaccurate or outdated at the time of 
uploading the data to the UAV with very recent changes. Additionally, the frequent flooding of information and 
updates imposes a significant load on the network despite efforts to reduce it in general.

Centralized Proactive Protocol (Hierarchy)

In contrast to the distributed proactive protocol, the centralized proactive protocol does not share all information on 
all nodes in the network. Instead, a hierarchical structure is built and maintained throughout each network cluster, 
as shown in Figure 1c, which only requires the exhaustive exchange of location and neighborhood information for 
the setup of the hierarchy. Based on exchanged information and a given metric, one DTN device is collectively 
chosen to be the central cluster entity. In our case, the metric chooses the node closest to the geometric center, but 
there are other possibilities for such metrics (cf. N. Richerzhagen et al. 2015).

Once established, maintaining the network hierarchy requires regular beacons to detect topology changes, and 
thus, performs similar to the distributed protocols. Location information is sent only towards the central cluster 
entity using the constructed hierarchy instead of flooding the whole cluster, which could reduce the network load. 
Nevertheless, adapting the hierarchy accordingly when changes occur requires additional messages. Especially in 
crowded but highly mobile scenarios, this may lead to an increase in the overall network load instead of a reduction, 
as the maintenance overhead will similarly increase with the necessity to adapt the hierarchy more often.

This hierarchical protocol is a more complex approach to centrally collect cluster information at a single DTN 
device. Each device has only the information of its local neighborhood and the nodes in the hierarchy below itself. 
Therefore, the workload to collect and push cluster information to the central cluster entity is decreasing with a 
lower hierarchy level. Whenever a UAV sends a REQ message, the device can still send its constrained set of 
information. Nevertheless, UAVs will predominantly contact the central cluster entity, if available, and will not 
contact any nodes from the local cluster after receiving information from the central cluster entity until a change 
in the network is announced. For cooperative communication with the UAV, no further information exchange is 
required within the DTN.

Reactive Collection Protocol (Reactive)

One of the most severe issues with proactive protocols, in general, is the large number of overhead messages, which 
is constantly required for updating the overall information state. Especially in cases when, e.g., no UAV comes in 
contact with the cluster, the information is collected or maintained unnecessarily. The reactive collection protocol 
uses the same behavior as the non-cooperative approach as default behavior, so only sending small beacons on a 
regular basis. The collection is only triggered when a UAV is present.

Whenever a beacon is received by a UAV, it can transmit a REQ message to the beacon’s sender, as shown in 
Figure 1d. The receiving node then triggers the collection process of the local cluster information by broadcasting 
a beacon with the information of its 1-hop neighborhood to all neighbors, similar to the distributed proactive 
protocol. Receivers update their local cluster information with the content of this message and re-broadcast their 
own information as part of their next beacon. With that, the information is flooded throughout the local cluster 
and updated on every node until a steady state of information is reached. However, when a broadcast with the 
same information is recognized, the node will not transmit its beacon; only beacons with more recent and different 
information to the known state of information are sent to prevent redundant transmissions. The initializing node
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Table 1. Simonstrator Environmental Settings

Scenario

Map Inner City, Post-Disaster
Size 2000 m x 2000 m; 100 Nodes
Node Movement Civilian Disaster Mobility 𝑎

Points of Interest 5, random distribution
Duration 1 h, 10 random seeds each

Comm.
PHY WiFi, IEEE 802.11g
Range approx. 75 m
Data Rate 5 Mbit/s

CAMON
Approach [Beacon, Proactive, Hierarchy, Reactive]
Beacon Interval [0.5 s, 1 s, 2 s]
Information Validity Interval [5 s, 10 s, 20 s]

AMS

UAVs 4 quadrotor UAVs 𝑏

Flight Time max. 24 min at 10 𝑚
𝑠

Monitoring Areas 4, 1000 m x 1000 m each
Coverage Path Planning Lawnmower
CPP Strip Width [100 m, 333 m, 500 m]

𝑎 cf. Zobel, Lieser, Meuser, et al. 2021, 𝑏 cf. Zobel, Lieser, Drescher, et al. 2019

of the trigger sends the REP message with the information on the local cluster to the UAV after a certain time
without receiving beacons with updated information. Since all nodes send their beacons within a fixed interval in
our specific case, we defined this time limit to be two times the set interval.

The reactive collection protocol tends to overcome the problematic overhead of proactive approaches by exchanging
local cluster information only when requested. As a drawback, this also requires sending a large number of messages
in a short time, which could negatively influence other applications within the DTN. Reliable information is only
available on all nodes directly after the collection process and is not updated afterwards. Thus, another UAV contact
requires triggering a new collection process.

EVALUATION

Both the Aerial Monitoring System (AMS) and the Disaster DTN were implemented as part of the Simonstrator (B.
Richerzhagen et al. 2015) framework within the simulation environment for Unmanned Aerial Systems and
ground-based DTNs (Lieser, Zobel, et al. 2019). CAMON is implemented based on the given descriptions in the
previous section. The mobility of 100 DTN devices represents disaster mobility of civilians (Álvarez et al. 2018)
within an inner-city disaster area of 2x2 𝑘𝑚2 based on previous work (Zobel, Lieser, Meuser, et al. 2021). Five
points of interest, for example, representing shelters and first aid stations, are randomly chosen for each simulation
run, with the restriction that they cannot overlap and have a distance of at least 200 m to each other. Devices gather
in the area of these locations or form groups and move to other locations. Mobility itself uses available Open Street
Map2 (OSM) data, thus, devices move only on streets and pedestrian walkways.

Table 1 gives a detailed list of the simulation settings for the Simonstrator framework. Specifically, the presented
CAMON protocols are compared against each other: (i) the non-cooperative protocol (beacon) as a baseline
vs. (ii) the distributed proactive protocol (proactive), (iii) the centralized proactive protocol (hierarchy), and
(iv) the reactive collection protocol (reactive). To investigate the influence of different beacon intervals on the
performance of CAMON, we also simulate each protocol with a beacon interval of 0.5 s, 1 s, and 2 s, respectively.
The information validity intervals—the time after which old information is removed from both neighborhood and
local cluster knowledge on each node—is set to ten times the beacon interval according to (Baumgärtner, Graubner,
et al. 2017). Four quadrotor multicopter UAVs with a maximum flight time of 25 minutes are available for the AMS.
The lawnmower algorithm is used for coverage path planning of monitoring areas. To evaluate differences in area
coverage, the strip width for the algorithm is adapted as 100 m (10 strips), 333 m (3 strips), and 500 m (2 strips),
respectively. With the used WiFi model, UAVs are able to observe an area of approximately 50 meters around them
while in flight. DTN devices can communicate within a distance of up to 75 m (Álvarez et al. 2018).

2www.openstreetmap.org
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This evaluation uses the following metrics:

Messages per Second The number of messages that are either sent or received by a DTN device per second. Values
are aggregated averages over all devices.

Bytes per Second The amount of data that is either sent or received by a DTN device per second. Values are
aggregated averages over all devices.

Direct Contacts The accumulated number of identifying beacon messages a UAV receives from any DTN devices.

Direct Node Detections The number of nodes detected on a UAV by receiving an identifying beacon message of
the respective node.

Node Detections The number of nodes detected on a UAV either by a direct detection or by receiving a
CAMON REP message containing additional node information.

Cooperative Detection Ratio The share of cooperatively detected nodes within the set of all node detections. A
node only counts as cooperatively detected if it is never directly detected.

Note that both the direct contacts and the node detections metrics are counted per each monitoring area and
aggregated afterwards. As a result, one node can be detected by multiple UAVs and, therefore, counted multiple
times, e.g., when located at the border between adjacent monitoring areas.

Monitoring Areas

The operation area of the AMS is divided into four smaller, square-shaped monitoring areas of 1x1 𝑘𝑚2 each
and every of the four UAVs is assigned to one monitoring area. We use the simple but efficient lawnmower
algorithm—also known as back-and-forth or Boustrophedon algorithm—for the coverage path planning of UAVs
within the monitoring areas. UAVs start from the base station, approach the first waypoint of their monitoring path,
traverse the area following the given trajectory, and finally move back to land at the base after reaching the last
waypoint. The distance between single strips of the lawnmower routing is directly correlated to the distance and
time to cover the whole trajectory but also influences the coverage of the monitoring area as UAVs can only observe
a limited area around them. Therefore, we have a tradeoff between a long flight time and an exhaustive coverage or
a shorter flight time with a decreased coverage. On the one hand, an exhaustive coverage will result in a detailed
observation of the area but also results in an increased age of information at the return of the UAV. Furthermore, the
required distance for an exhaustive coverage may exceed the maximum flight distance of the UAV. On the other
hand, important information could be missed with a less exhaustive coverage, although the collected information
will arrive more timely and we can also use UAVs with only short-range flight capabilities.

In our evaluation, we define the strip width 𝑤 for the coverage path planning as shown in Figure 2, to alter UAV area
coverage and flight time. With 𝑤 = 100𝑚, thus 10 lawnmower strips covering each monitoring area, UAVs are able
to cover 100% of the area within a 20-minute flight, including approaching to and returning from the monitoring

(a) 100 m (b) 300 m (c) 500 m

Figure 2. UAVs traverse the four monitoring areas in a lawnmower pattern, shown in black. The strip width for the 
lawnmower route is used as 100 m (100% coverage), 333 m (52% coverage), and 500 m (33% coverage), respectively. 
Areas of interest of all simulation runs are outlined in the background.
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(a) Average data sent per node per second.
DTN without UAV interaction.

(b) Average data received per node per second.
DTN with UAV interaction.

Figure 3. Overhead measured by the amount of data sent and received on average per node. Proactive and
Hierarchy generate larger traffic due to information exchange and maintenance messages, indicating a dynamic
network topology. The overhead quickly decreases with increasing beacon interval, as cluster information updates
are sent less often. The Reactive protocol generates less traffic in the presence of a UAV per device, illustrating a
tightly connected local cluster with fast information collection.

area, traveling a distance of 11 km in total. This setting utilizes the full capacities of the used UAVs, and thus, is 
used as the upper bound for the monitoring area size. By increasing 𝑤 to 333 m, the area coverage is reduced to 
52% and the time and the distance is reduced to 9 minutes and around 5 km, respectively. An additional increase of 
𝑤 to 500 m further decreases the area coverage to 33%, the time to approximately 6 minutes, and the distance to 
3.5 km. Note that the relation between 𝑤, area coverage, and flight time is not linear, as only the distance between 
the vertically running lawnmower strips is scaled but the length of the strips is not changed. Furthermore, the UAV’s 
approach and return of the monitoring area is dependent on the location of the start and end locations of the path.

Communication Overhead and Beacon Interval

One drawback of the CAMON protocols is the increased communication overhead required for exchanging 
information. This overhead is directly related to the size of the beacon interval, as a smaller interval results in more 
beacons sent and eventually a larger overhead in total. Furthermore, it is also related to the used protocol due to 
the differences when beacons are sent and which information they c ontain. In addition, the hierarchy protocol 
requires extra messages for maintaining the network structure. Figure 3a depicts the amount of sent data per node 
for the standalone DTN without UAV interaction. In contrast, Figure 3b shows the amount of received data per 
node, when interacting with UAVs.

First of all, a clear difference between beacon and reactive in comparison to proactive and hierarchy is visible. 
The former two protocols only send a small beacon with the static interval, and as intended, the reactive protocol 
shows no distinction to the simple protocol without the presence of a UAV. The latter two, however, show an 
increased average overhead, but also a high deviation in its distribution. Especially for the 500 ms beacon interval, 
the average overhead for sending data is increased by approximately a factor of two. However, the overhead is 
also dependent on the mobility of devices: a more dynamic environment leads to more message exchanges for 
both the proactive and hierarchy protocol. Therefore, we see the possible range of the overhead vary between 
more than three times that of the other protocols in dynamic environments down to a similar overhead more static 
environments, indicating a highly mobile and dynamic network topology.

As expected, increasing the beacon interval reduces the amount of data both sent and received on all nodes. More 
interestingly, however, the overhead introduced by the extra maintenance messages for hierarchy exceed the 
overhead by the proactive protocol with a larger interval, probably due to a high mobility in the network the 
amount of maintenance messages is generally high. This can also explain why the proactive protocol drops more 
significantly with a higher beacon interval, since the number of beacons and exchanged local cluster information is 
decreasing faster than the amount of required maintenance messages (cf. Fig. 3b).

Most notably, Figure 3b highlights the different behavior of the reactive protocol w.r.t. UAV p resence. While 
normally functioning similar to beacon, shown in Figure 3a, a UAV topology request triggers the one-time flooding 
of information within the local cluster but also nodes skipping regular beacons while waiting for the information to
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(a) Number of directly received beacon messages on UAVs. (b) Number of unique node detections based on beacon
messages on UAVs.

Figure 4. Received beacon messages and detected nodes on UAVs (𝑤 = 100𝑚) for different beacon intervals. The
number of received beacons is reduced with a larger beacon interval, but not the number of detected nodes;
demonstrating the low impact of the beacon interval on the performance of CAMON.

circulate. This generally reduces the average overhead during the interaction, in contrast to the other protocols 
functioning as normal. However, this—visually—significant drop also must be taken with c are. On the one side, 
the aggregation of measurements for all nodes, allowing the visualization in the first place, obscures the existing 
sharp increase in information exchange when reactively collecting the local cluster data for the UAV. And on the 
other hand, this also highlights that local clusters are tightly connected, resulting in a large number of nodes staying 
silent throughout the collection process as only a few nodes need to exchange information, further reducing the 
averaged received data amount. More widespread clusters and networks may require far more messages, and thus, 
more overhead to collect the information than a tight cluster.

Finally, we look at the influence of the beacon interval on the node detection performance of the AMS. Figure 4a 
depicts the number of seen DTN beacon messages at monitoring UAVs on a tight monitoring path (𝑤 = 100 𝑚). 
Again, we clearly see the difference of the reactive protocol as it significantly reduces the number of beacon 
messages when a UAV is present, while the other protocols proceed in their normal beacon sending behavior. 
Furthermore, the overall number of received beacons diminishes drastically with a larger beacon interval, as 
expected. When comparing to the number of individually detected nodes shown in Figure 4b, however, it becomes 
obvious that the beacon interval does only have minimal influence on the number of detected nodes, despite a 
significant influence on the overall number of received me ssages. Thus, the size of the beacon interval is not crucial 
for the performance of the AMS or CAMON, but has a large impact on the occupation of the wireless medium 
and redundancy in node contacts. For the remainder of this evaluation, we refrain to a beacon interval of 1 s for 
comparability.

Lawnmower Strip Width and Coverage

As presented, the coverage of monitoring areas is directly related to the strip width of the lawnmower route 
calculation for UAVs. A large strip width results in a faster traversal but also a lower coverage than a smaller one. 
The coverage, however, influences the performance of our disaster network detection as this can result in missed 
devices or whole clusters. By introducing cooperative behavior between DTN and AMS through the use of CAMON, 
we want to overcome these gaps, that are occurring from larger strip widths, by using the knowledge in the DTN to 
detect nodes outside of the reach of a monitoring UAV.

Figure 5 depicts the performance for node detection per UAV for the four CAMON protocols with different 
lawnmower strip widths. As we can see for the number of direct contacts in Figure 5a and the number of overall 
detections in Figure 5b, there is a general trend of reduction for both metrics with increasing strip widths. This 
behavior is to be expected, as less area is covered, and therefore DTN nodes are also missed. However, it becomes 
clear that while the number of direct node detections is decreasing with all protocols, the number of overall detected 
nodes is only decreasing in a similar fashion for the non-cooperative beacon protocol. The reactive protocol, in 
contrast to the hierarchy and proactive protocols, is more influenced by a larger strip width with a few less node 
detections than the others.

Nevertheless, the overall number of node detections using CAMON does not reveal the influence of the introduced 
cooperative behavior. For that, Figure 5c depicts the share of cooperatively detected nodes from the set of all detected
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(a) Number of direct node detections based
on received beacons on UAVs.

(b) Number of uniquely detected nodes on
UAVs, direct and cooperative detection.

(c) Share of cooperatively detected nodes
on all uniquely detected nodes.

Figure 5. Node detection performance per UAV for different CAMON protocols and lawnmower strip widths. The
influence of cooperative behavior increases with lower area coverage, as less nodes are detected directly and the
node detection per UAV similarly decreases.

nodes shown in Figure 5b. This share for beacon is naturally 0, as no cooperation is happening. Interestingly, the 
reactive protocol shows a significantly larger share of cooperative detections even for the full coverage monitoring 
(𝑤 = 100 𝑚) and also the largest share of up to 75% for both 𝑤 = 333 𝑚 and 𝑤 = 500 𝑚. Since the hierarchy and 
proactive protocols send more beacons in the presence of a UAV than the reactive, more nodes can be detected 
directly and the share of cooperatively detected nodes is generally smaller. For all protocols, however, cooperative 
detections are most present at 𝑤 = 333 𝑚, ranging from approximately 20% to 40% share in the upper quartile up to 
a maximum around 60% to 75%, highlighting the large impact of cooperation on the network detection. But with 
𝑤 = 500 𝑚, the share is reducing again in the upper quartiles while the maximum is increasing, indicating that a 
few larger clusters are detected solely through cooperation, but the overall detection is reducing to a few direct 
detections only.

Through the wide distribution, we can deduct that CAMON can have a large influence on the detection of nodes in 
some cases, but may also provide only a minor influence in other c ases. This is highly dependent on the distribution 
of nodes and if they are covered by UAV monitoring paths: if a large portion of the cluster is covered, more nodes 
will be detected directly in general, but if only one or a few nodes are covered instead, more nodes will only be 
detected through cooperation. Furthermore, a more even—but probably also more unrealistic—distribution of nodes 
among the monitoring areas would yield a narrower distribution over all UAV metrics. As a result, these metrics 
provide a good view on each UAVs detection performance and the influence of strip width and node distribution on 
that, but lack a clear representation of the overall AMS performance, at which we take a closer look in the following 
section.

Aerial Monitoring System Performance

We track the network detection performance of the AMS by evaluating the number of DTN nodes, which were 
detected by the entire system, over time. The results are depicted in Figure 6. For better readability, Figures 6a, 6b, 
and 6c visualize the average performance of the CAMON protocols for the different strip widths separately for 
only the first 20 minutes, thus, the duration of one full coverage fl ight. Dashed vertical lines denote the time when 
the UAVs have returned to the base station and start a new monitoring area traversal, for example, 20 minutes for 
𝑤 = 100 𝑚. Figure 6d shows a combination of all protocols and strip widths for the entire simulation time for 
comparison.

For full coverage (cf. Fig. 6a), all nodes are detected within the first area traversal of 20 minutes independent of 
the used CAMON protocol. Cooperative behavior brings only a slight increase of 1 or 2 minutes in the initial 
detection time of nodes, as they are first detected over cooperative measures before being detected directly by the 
UAVs. Furthermore, the cooperative protocols do not show very different b ehavior. The only clear difference is 
seen between minutes 12 and 14, when the proactive protocol finds the last 20 nodes faster than the other two 
protocols. The results, however, are similar with all protocols.

The system performance for the lowest coverage with 𝑤 = 500 𝑚 is shown in Figure 6b. After 3 consecutive 
monitoring flights—18 minutes—, the non-cooperative beacon approach found 40 nodes, while proactive and 
hierarchy found around 54 and reactive found 63 nodes, respectively. As seen in Figure 6d, more nodes are 
only found much later after more than 45 minutes by the cooperative protocols, although the spike highlights that 
a whole cluster was found at once. Without cooperation, node detections increase only slightly when detecting 
one single node or a few nodes that are moving. Interestingly, the reactive protocol is able to detect more nodes
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(a) 𝑤 = 100𝑚: Cooperative detection provides only slightly faster
initial detection of nodes with similar end result for all protocols.

(b) 𝑤 = 500𝑚: Cooperation outperforms non-cooperation by 10%
to 20%. A large number of nodes is missed entirely.

(c) 𝑤 = 333𝑚: Cooperative protocols clearly outperform non-
cooperative behavior with fast and comprehensive node detection.

(d) Combined plot for protocols and strip widths.

Figure 6. Average system performance for different protocols and lawnmower strip widths over time.

much faster than the other two cooperative protocols, which require more than 35 minutes to catch up. In the end, 
hierarchy and reactive reach around 70 nodes while proactive detects 65. This slightly lower average detection 
rate after 60 minutes may be a result of incomplete cluster knowledge on the encountered node using this protocol, 
since hierarchy and reactive were able to retrieve a more comprehensive cluster knowledge at the same time. 
Overall, the average detection rate for the cooperative protocols is—depending on the used protocol and evaluated 
time frame—between 10% and 25% higher than that of the non-cooperative approach. However, multiple clusters 
are still missed due to the significant strip width and the resulting gaps in the monitoring area coverage, which 
cannot be overcome by CAMON.

As depicted in Figures 6c and 6d, the area coverage for 𝑤 = 333 𝑚 is sufficient enough to detect all nodes with 
cooperative protocols within 15 minutes. Furthermore, the cooperative approaches detect more than 90% with the 
hierarchy protocol, around 98% with the proactive protocol, and even full node detection with the reactive 
protocol within the first monitoring flight of 10 mi nutes. The non-cooperative approach reaches around 80% in 
the same time and around 90% within one hour. As expected, the performance is significantly worse than with 
full coverage, although the initial detection is faster. With around 50% of the area covered, still more than 80% of 
nodes are found on average, highlighting the non-uniform node distribution in the disaster scenario. The quick and 
comprehensive detection of cooperative protocols also shows that all larger clusters are encountered, only smaller 
groups cannot be detected in the first monitoring flight.

Summarizing the results, the positive impact of CAMON on the AMS node detection performance becomes clear 
when reducing the area coverage of monitoring UAVs. Generally, cooperative behavior allows a faster and more 
comprehensive node detection while reducing coverage and with that also flight duration at the same time. In turn,
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this allows to increase the monitoring frequency, providing access to more up-to-date information on the monitoring
areas. In the initial reconnaissance phase, the use of CAMON can reduce the network detection time by up to 53%
compared to the non-cooperative approach, depending on the used protocol. Although the overall differences in the
performance between the cooperative protocols are not that large, the reactive protocol shows the best performance
of all. At first, initial node detections are slightly faster. Due to the cluster information being most recently collected
when transmitted to the monitoring UAV, reactive provides accurate and up-to-date information of the encountered
cluster. Other protocols may provide more outdated information and, therefore, also seem to miss a few nodes that
have very recently arrived. Secondly, the reactive protocol has the lowest impact on the overall DTN overhead, as
cluster information messages are only exchanged when the UAV triggers the data collection. In contrast, proactive
and hierarchy exchange messages constantly, leading to a larger overhead. And thirdly, this minimal approach
of the reactive protocol still results in significantly less messages generated during the UAV encounter with the
cluster and, by that, also less redundant node detections on the UAVs.

CONCLUSION

For any kind of disaster relief effort in a large-scale disaster, information on the disaster area, such as the location of
affected civilians, is highly valuable. Within this work, we present CAMON, a system for cooperation between
the UAVs of an Aerial Monitoring System (AMS) and the smart mobile devices within a civilian disaster DTN.
In contrast to state-of-the-art AMS’ that rely on pure passive observation with the full workload on UAVs,
CAMON cooperatively collects and provides DTN topology information which significantly increases the overall
efficiency of the aerial network detection. As a result, the age-of-information and with that the validity of relevant
information is similarly improved, providing more accurate and up-to-date information for disaster relief.
For CAMON, we provide three different approaches for the information collection in the DTN and simulated them
within an inner-city environment for differing UAV area coverage. The largest differences of these protocols are
present in the requirements on the communication medium, while the performance in collecting and sharing topology
information is much more similar. Thus, CAMON can be used as an extension to typical DTN implementations,
using the protocol most suitable for the specific DTN appliance and used communication protocol. However, we
evaluated the presented approach for cooperative network detection only in an inner-city post-disaster environment.
For other scenarios—especially such with significantly different network topology or user mobility—, future work
must assess the efficacy and general applicability of our system.
The presented evaluation results highlight a strong dependence of the performance between the—initially unknown—
network topology and the chosen monitoring area coverage. On the one hand, if area coverage is too low and
clusters are located outside that coverage, they will be missed entirely. On the other hand, a high area coverage may
then detect these clusters but requires a large amount of time for the monitoring. Thus, finding an optimal solution
for this tradeoff is essential for future work. Another approach could be to perform the initial monitoring in high
detail but with lower performance and to adapt the monitoring routes depending on the gathered information to
subsequently increase performance. This, however, is only feasible with a sufficient number of available UAVs. In
general, the adaption of monitoring routes, monitoring areas, or system behavior based on available knowledge is a
highly interesting area that will be approached in future work.
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ABSTRACT

The COVID-19 epidemics has now lasted for 2 years. A vaccine has been found, but other complementary measures
are still required, in particular testing, tracing contacts, isolating infected individuals, and respecting sanitary
measures (physical distancing, masks). However these measures are not always well accepted and many fake news
circulate about the virus or the vaccine. We believe that explaining the mechanisms behind the epidemics and the
reasons for the sanitary measures is key to protect the general population from disinformation. To this end, we have
developed a simple agent-based epidemic simulator that includes various screening strategies. We show that it can
be used to compare the efficiency of various targeting strategies, starting date, and number of daily tests. We also
ran an optimisation algorithm that proves that the best strategies consist in testing widely and early. Our simulator is
already available to play online, to raise awareness in the general population.

Keywords

Agent-based simulation, screening strategies, epidemics modelling, COVID-19

INTRODUCTION

When lifting the lockdown after the first COVID-19 wave in spring 2020, the main goals of many countries around
the world were to get back to a less restricted way of living while still maintaining the epidemic under control to
avoid a "second wave". Indeed, due to the low circulation of the virus during lockdown, herd immunity was still
insufficient to prevent a rebound. For instance, it was estimated1 that only 3 to 7 % of the French population had
been exposed to the virus (and was therefore immunised) when exiting the first French lockdown in May 2020.
And as time has since proved, not only a second wave, but several more epidemics waves appeared, pushing some
countries to enforce other lockdowns.

A key strategy to try to keep the epidemic under control while loosening the restrictions on the population, is to run
large scale screening campaigns. The strategy recommended very early on by WHO was to test any suspicious
case to identify infected individuals, trace their contacts, and isolate only (potentially) infectious people. But testing
kits were rare at the start of the epidemics, forcing governments to prioritise who should be tested first to optimise
the impact of the testing campaign. Even nowadays, when testing kits are widely available, and as the Delta and
Omicron variants of the virus circulate very fast, the number of daily tests has exploded, posing a new issue of
financing those tests. Some countries therefore again choose to restrict tests to some categories of people, for
instance, the elderly who are more at risk of serious forms, or people with symptoms. Other countries require non
vaccinated people to pay for the tests, also in order to limit the number of tests performed.

Screening tests actually pursue two main (partly contradictory) goals. The first one, as mentioned above, is to
control the epidemics, by spotting infected people and isolating them to break contamination chains. The second

∗https://membres-lig.imag.fr/cadam
1by the Pasteur Institute: https://www.pasteur.fr/fr/espace-presse/documents-presse/modelisation-indique-qu-entre-3-7-francais-ont-ete-

infectes
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one is to know the epidemic, i.e. evaluate the total number of people infected at a given time, in order to deduce the
actual case fatality rate of the virus, and to adapt sanitary measures to the actual circulation of the virus. These
goals imply different screening strategies: in order to best control the epidemics, one should test in priority people
who are more likely to carry the virus, but this leads to an over-estimation of the global circulation; to best know
the epidemics, one should randomly test a representative sample of the global population, but this will lead to a
large number of negative tests, failing to isolate many infected people. The best screening strategy is therefore not
intuitive, and we claim that simulation can help compare different strategies in order to draw interesting insight.
Indeed, simulation allows to run the exact same scenario with only the parameters of the screening campaign
varying, which is impossible in reality, and to compare estimations with the ”real” epidemic curve, which can be
known only in a simulation.

Besides, with the epidemics lasting longer than expected and its end being hard to predict, people are tiring out,
sanitary measures are not always well accepted, trust goes down (Strandberg 2020) and fake news circulate with
deadly consequences (Nieves-Cuervo et al. 2021), such as refusing or hesitating to get the vaccine (Daly et al.
2021; Jennings et al. 2021). We therefore believe that it is very important to inform the population and explain
the mechanisms of the epidemics and the reasons behind all the measures (OECD 2020). Indeed, understanding
constraints will improve their acceptability. We claim that an interactive simulator is also a good tool to explain
mechanisms by letting users play with it and learn by exploring what-if scenarios.

We have therefore designed an agent-based model whose goal is twofold. First, it allows to simulate various
screening strategies on a virtual population, and to compare these strategies in order to discover insight about
optimal parameters for future screening campaigns. Secondly, it is simple and interactive, and users from the
general population can play with it in order to understand the complex mechanisms behind the epidemics and the
reasons for the various sanitary measures. This work is part of a larger initiative aiming at answering questions
from the general public about the COVID-19 epidemics, through interactive simulators along with explaining texts
written by researchers from various disciplines (CovPrehension 2020).

This paper is structured as follows. The next section discusses some useful background about screening and its
challenges; we then survey some existing agent-based models and identifies gaps. The following section then
introduces our agent-based model. We then present our experiments and results comparing different strategies, and
the results of an optimisation algorithm to find the best strategy. Finally, we conclude the paper and discuss future
prospects of this work.

SCREENING AND ITS CHALLENGES

This section introduces some useful background about screening, quality features of tests, the possible prioritisation
strategies for allocating a limited number of tests, and the goal of this work.

Importance of screening

In order to release the general lockdown, that is hard to maintain on the longterm for both psychological and
economic reasons (Atalan 2020), one solution is to selectively isolate only sick individuals. However, this solution
is hard to run efficiently. Indeed, the COVID-19 incubation time is long (a week on average, but sometimes
up to 20 days), so infected people have time to infect their contacts before they are detected and quarantined.
Besides, the share of asymptomatic cases was still mostly unknown, but estimated to be around 30% (Treibel et al.
2020), meaning many infected people could unknowingly spread the virus among their contacts. This implies that
governments could not rely entirely on symptomatic displays to isolate infected people, but needed to test their
population broadly to confirm any suspicious case, and to trace contacts to identify chains of contamination. This
was the strategy recommended by the World Health Organisation (WHO), as early as the 16 March 20202. However,
time was needed to develop reliable quality tests and increase testing capacity.

Quality of tests

There now exists different types of tests to detect the SARS-COV-2 virus responsible for COVID-19, in particular
PCR (polymerase chain reaction) tests, serological tests, antigenic tests, and now even auto-tests that one can realise
at home. These tests have different levels of quality, depending on 2 factors:

2https://www.who.int/dg/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---16-march-2020
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• Sensitivity of a test indicates the probability that the test is positive when the tested person is really sick. A
100% sensitive test applied to a sick individual will always return positive; therefore a negative test gives
absolute certainty that the tested individual is indeed not sick. In other words, there are no false negatives
with a 100% sensitive test; so sensitivity is the proportion of true negatives.

• Specificity of a test indicates the probability that the test is negative if the tested person is really not sick. A
100% specific test applied to a non sick individual will always return negative; therefore a positive test gives
absolute certainty that the tested individual is indeed sick. In other words, there are no false positives with a
100% specific test, so specificity is the proportion of true positives.

However, it is impossible to design tests that are perfect on both criteria (or even on a single one). Screening tests
always have an error margin. In particular, screening tests cannot be both highly specific and highly sensitive, so a
compromise must be found between two opposites:

• Very sensitive tests are more likely to be positive with sick individuals: this reduces the rate of false negatives,
so prevents missing infected people who keep moving around instead of being quarantined;

• Very specific tests are less likely to be positive when the individual is not sick: this reduces the rate of false
positives, to prevent from quarantining healthy people.

The first screening tests designed for COVID-19 were relatively specific (in the range of 95 to 98% of true positives)
but still little sensitive (sometimes up to 30 to 40% of false negatives, sick but not detected by the test). As a result,
it was sometimes necessary to do a second test to confirm a negative test result.

Screening prioritisation strategies and goal of this work

The goal of screening is twofold: it allows to know as precisely as possible the current state of the epidemic in the
country, and to control the spread of the virus as well as possible with adapted measures (neither too strong nor too
lax).

Under the constraint that testing kits are in limited supply, governments want to prioritise wisely who should be
tested, in order to reach both goals with the minimum amount of tests. For instance, France started testing late and
slowly3: it took some time to design reliable tests, and the small number of such available tests was thus limited
to healthcare workers and people at risk. Nowadays, tests are widely available and are the most cost-effective
mitigating measure (Rezapour et al. 2021), but some countries start restricting them again in order to limit the
financial cost for society, for instance, by reserving them to elderly people, or by asking non-vaccinated individuals
to pay for the tests.

The various possible targeting strategies have different impacts on both goals stated above:

• Random targeting consists in choosing randomly people who should be tested. This is a more representative
sample of the population, and provides better knowledge of the current state of the epidemics. But when the
incidence of the virus is very small (as it was after the first lockdown), the proportion of people infected is
very low, so most tests will return negative. There is therefore a risk of "wasting" many tests, i.e. the chances
of finding infected people to isolate them and control the epidemics are low.

• A solution is to target suspicious cases (the symptomatic ones), but this strategy is insufficient to control
the epidemics since it ignores all the (also contagious) asymptomatic cases. Besides, the sample is not
representative of the general population, and the high proportion of positive tests in the sample might lead to
overestimate the global circulation of the virus.

• Another strategy consists in targeting people who work outside of home, since they are more likely to
get infected and/or infect others. For instance, at the beginning of the epidemic, healthcare workers were
tested in priority, since they were the most exposed to the virus; in order to reopen schools, there was also
a focus on testing teachers, school workers, and now all the children from the same class as an infected
pupil. This strategy focuses on controlling the epidemics while allowing for economic activity, but it ignores
contaminations that happen outside of work (shopping, leisure...).

3https://www.usinenouvelle.com/article/en-retard-la-france-monte-en-puissance-pour-les-tests-de-diagnostic-du-covid-19.

N945261
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• Finally a last interesting strategy consists in targeting high-risk people. Their profile is now better known,
in particular elderly people or people with comorbidities (Jordan et al. 2020). The goal of this strategy is to
detect infection soon and treat them early to prevent serious complications. But the results would then not be
representative of the global circulation of the epidemic in the general population.

One can see that finding the best strategy on all accounts is not easy by using only our intuition. We claim that
simulation can help, by allowing us to compare different strategies and to measure their effects. In particular,
simulation will allow us to run the exact same scenario several times, with only the target population or other
features of the screening campaign varying, which is impossible in reality. The next section discusses existing work
related to simulating the COVID-19 epidemics, mitigating interventions in general, and screening in particular.

AGENT-BASED SIMULATION OF EPIDEMICS

The main measures against COVID-19 have been quarantine, contact tracing, screening, and isolation; there is no
consensus on best practices, and countries differ in their approach, but a survey of medical publications (Girum et al.
2020) shows their efficiency, in particular when combined together. It is hard, however, to compare their efficiency
in real life, but simulation can help comparing them ”in silico”.

Advantages of simulation

Computer simulation has many benefits in the context of the crisis management in general, and the current epidemics
in particular. Indeed, only simulation allows to compare different intervention strategies, all other things being equal.
In the real world, we can only compare between different countries applying different strategies, but they also differ
on other regards: climate, culture, etc, that all might influence virus spread, so it is impossible to isolate the precise
impact of the strategy being evaluated. But in the simulated world, we control all parameters, and repeat the exact
same experiment with only the strategy changing, in order to evaluate its impact independently of all other factors.

Besides, in this work, we are interested in evaluating screening strategies and their efficiency to assess and control
virus spread. In the real world, there is no way to access the actual number of infected people (unless we could
simultaneously test the entire country), so it is impossible to evaluate how good the curve estimated from the tests is
compared to the "real" curve. On the contrary, in a simulation we know the epidemiological status of all agents, so
we can access the real (simulated) epidemic curve, and compare it with estimations obtained from various screening
strategies. Simulation is therefore a great tool to assess screening strategies on a virtual population.

Approaches to epidemics simulation

As a result, a lot of models of the COVID-19 epidemics have been published in the last 2 years. Current epidemic
models mainly fall in two approaches.

Compartmental models divide the population in a number of epidemiological classes. The simplest ones (often
shortened as SIR models) use only 3 compartments: Susceptible (not yet infected so not immune), Infected (and
contagious), Recovered (and immune). The hypothesis is that recovered individuals are then immune and cannot get
infected again, which has proven wrong for COVID-19. Compartmental models of COVID-19 have often integrated
more compartments, such as Asymptomatic or Hospitalised, in order to more precisely represent the dynamics.
These models then rely on the mathematical resolution of differential equations to give a macroscopic view of the
epidemic dynamics. It is therefore quite fast and scalable.

Agent-based models model each individual as an autonomous agent, in order to give a microscopic view of
the situation. Agents are heterogeneous, initialised with different values of their attributes, such as age, gender,
comorbidities, or social behaviour. This allows to model the influence of individual decisions on the virus spread,
such as a refusal to get vaccinated, or not respecting social distancing. These models are more complex to initialise
as they require behaviour data that is hard to get, and are less scalable since they require to compute the behaviour of
each individual agent. However, they are more precise, in particular to study why a specific individual got infected.

Both approaches have their benefits and drawbacks depending on the goal of the simulator and its scale. Our goal
being to explain the complex mechanisms behind the epidemics rather than predicting its spread at the scale of
the country, we chose an agent-based approach. We survey various existing agent-based models in the following
paragraphs.
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Simulations of interventions

A very early report (as soon as March 2020) about the results of an epidemiological modelling informed the first
policy-making in the UK and other countries (Ferguson et al. 2020), leading to general lockdown. At that time, in
the absence of a vaccine, they assessed other non-pharmaceutical interventions to reduce contacts in the population
and therefore transmission of the virus, with 2 main possible strategies: mitigation aiming only at slowing down the
epidemic spread, vs suppression that aims at completely stopping that spread. Their results showed that optimal
mitigation policies might reduce the pressure on healthcare system by two thirds and deaths by half, but might
still result in hundreds of thousands of deaths and an overwhelmed healthcare systems. Therefore, they suggest
that where possible, countries should aim at suppressing the epidemics rather than just mitigating it, which would
require a combination of several very constraining measures (quarantines, social distancing, school closures) despite
their negative side effects. Besides, they predict that such measures would need to be maintained indefinitely (or
until a vaccine is found) to prevent a rebound as soon as they are relaxed. Not knowing if such suppression can
be maintained on the long-term, or how to reduce their social and economic costs, they also suggest intermittent
measures: closely monitoring the epidemic progression to temporarily relax measures but re-instantiate them when
needed. This is indeed what has happened all over the world in the past two years.

Other countries have also developed simulators to help policymakers. For instance, COMOKIT (Gaudou et al.
2020) is a framework composed of several realistic spatialised agent-based models of the epidemics and of various
interventions, aiming at informing public health decisions made by the Vietnamese government. These models
have also been applied to towns in other countries, such as Nice in France (Chapuis et al. 2021). The models run
on the GAMA platform. They can be fed from various data sources, provided by the Vietnamese government
(census data, epidemiological data) or by private actors (Facebook data, mobile phone data). They have been used
to quickly compare potential strategies (lockdown at different scales, quarantines), as well as to suggest optimal
timing or combination of multiple strategies. The models offer a precise representation of the population and of
contamination in close spaces (shops, schools) although they neglect the role of transportation. They are very
complex models aimed at guiding policymakers, but not at informing the general public.

Covasim (Kerr et al. 2021) is an agent-based model of the epidemics that can be tailored to various local contexts
(such as age distribution, daily contacts, epidemic progression in number of reported cases and deaths) and has been
actually used in a number of countries. It allows to test several types of interventions: physical (e.g. lockdown),
diagnostic (e.g. screening or contact tracing), or pharmaceutical (e.g. vaccination). However, it is targeted at
researchers and policy makers rather than the general public, and as such is much more complex than our intended
simulator. Moreover, testing strategies are expressed in terms of probabilities of testing people with or without
symptoms, in/out of quarantine, or over a certain age; it does not include other interesting strategies such as random
sampling or prioritising workers.

Testing

Various models have specifically studied different screening strategies. For instance, (Paltiel et al. 2020) modelled
several scenarios regarding the measures needed for a safe re-opening of US colleges. They modelled 5000 students,
of whom 10 were infected at the start of the semester, and tested several epidemic scenarios (with reproductive
numbers values between 1.5 and 3.5, a 0.05% fatality rate, and a 30% probability of showing symptoms when
infected). They varied the following parameters of screening: frequency (every 1, 2, 3, or 7 days), sensitivity of
tests (between 70 and 99%), specificity of tests (98 to 99.7%), and cost (10 to 50 dollars per test). They conclude
that it is best to screen frequently (every 2 days) in addition to strict observance of sanitary measures to keep the
reproduction number under 2.5. In order to limit costs, they also show that even a rapid, less expensive but poorly
sensitive test (around 70%) is sufficient to control the number of infected students, who are isolated in a dedicated
dormitory (within a delay of 8 hours). Of course this strategy is not applicable at the scale of a country (there is not
enough medical staff to test the entire population every 2 days). Also the population of a college campus is not
representative of the general population, and in particular is younger so less exposed to serious forms of COVID-19.

(Atkeson et al. 2020) focus on the economic benefits of testing. They provide an SIR model of the US population
with 5 age groups, working in various economic sectors. Their study shows that the economic benefits of rapid
screening programs far exceed their costs, with a ratio between 4 and 15 (excluding the monetised value of lives
saved) depending on the parameters of the screening. However, an interesting aspect of their study is that they
consider a variable adherence to quarantine measures, depending on the probability to be a false positive: They
conclude that tests used must be highly specific, or combined with a confirmatory test, in order to both reduce the
cost of having healthy workers in quarantine, and decrease the number of people who break quarantine because they
(wrongly) believe they are a false positive.
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To conclude, models that include testing as an intervention generally focus only on controlling the epidemics:
testing is part of the testing, tracing, isolating strategy recommended by WHO. On the contrary, we want to compare
testing strategies with respect to 2 different objectives: not only controlling the epidemics by appropriately isolating
infected individuals, but also precisely estimating the current state of the epidemics (total number of cases), which
is useful to evaluate the impact of current measures and the necessity to adapt them.

Vaccination

Finally, other models focus on the impact of a vaccination campaign. This is relevant as vaccination poses a
similar problem of prioritisation for the allocation of a limited number of doses, but also an additional problem of
compliance, or trust: some people might not want to get vaccinated, for various reasons (Hornsey et al. 2018).

For instance, (Li, Giabbanelli, et al. 2021) modelled a nation-wide vaccination campaign in the United States.
They varied parameters such as the efficacy of the vaccine, and the population compliance, and tested 6 scenarios
combining a vaccination campaign with other interventions (distancing, etc). Their results show that the vaccine
significantly reduces infections, even with very low population compliance. However, they also show interesting
counter-intuitive results: when compliance is very high, and since the older population is vaccinated first, the delay
is longer for younger and more connected individuals to access the vaccine; as a result, the virus spreads more than
if the compliance was lower. This also proves that the vaccine alone is not sufficient, and should be combined with
other interventions to reduce the spread of the epidemics.

Another study is concerned with prioritising the vaccines. (Tatapudi et al. 2021) simulate different prioritisation
strategies with a limited supply of vaccines, in a US urban region of 2.8 million residents. They show a limited
impact of vaccination on reducing viral spread, mainly due to exponential contaminations before the start of
vaccination, meaning that lots of adults were already immunised. Consequently, they suggest that vaccines should
be distributed as fast as possible among all eligible adults after vaccinating the most vulnerable, to improve the
speed of the vaccination campaign, rather than strictly respecting a priority schedule. This is consistent with the
findings of (Li, Giabbanelli, et al. 2021). Besides, these studies show the interest of simulation to reveal unexpected
and unintended consequences of potential sanitary policies, that cannot be tested in real life.

Objective of our work

Not many models specifically focus on comparing various screening strategies to both evaluate and control an
epidemic. This can be explained by the now wide availability of testing kits in developed countries, that allow
to massively test the entire population. Nevertheless, such work is still important to explore screening strategies
in countries where tests are not yet widely available, or to reduce the cost of screening, or for potential future
epidemics. Besides, our model also aims at explaining the mechanisms to the general public by letting them interact
with the simulated population and take on the role of public health deciders to select the parameters of a screening
strategy. The originality of our work is to target the general public and focus on explaining a complex phenomenon,
unlike most models that are targeted at governments to help them make decisions.

OUR MODEL

As explained above, our agent-based model is quite simple since it is targeted at the general population, and its goal
is not to predict the evolution of the epidemics, but to explain its mechanisms.

Characteristics of the population

We have modelled a population of 2000 individuals, distributed in several age categories. This influences their
sensitivity to the virus (people at-risk) as well as their mobility. For instance, 50% of people aged 20 to 65 have
work outside their home (’essential’ workers) whereas the rest stay at home (remote work, furloughed workers,
family carers, etc.). People aged less than 20 and over 65 are considered homebound (by respectively remote
schooling and retirement). Individuals in our population can be in one of five distinct states regarding the virus, as
shown in Figure 1 below:

• Susceptible: they have never been infected and are therefore not immune either

• In incubation: they have been infected but are not yet sick (it lasts 6 days on average)

• Asymptomatic: they are sick but display no symptom. Only a test will reveal them (30% of patients below
65 years old, for an average of 21 days)
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• Symptomatic: they are sick and display symptoms. (70% of patients below 65 years old, and 100% of older
patients, for an average of 21 days)

• Recovered: they are immune and cannot get infected again (this was a hypothesis of our model, at a time
when this was unknown (Roy 2020); we now know that reinfection after recovery or vaccine has a lower risk
but is still possible (Cavanaugh et al. 2021)

Figure 1. Evolution of epidemiological status of agents

When they move in the simulation world, individuals can come into contact with one another. Infected people (in
incubation, asymptomatic and symptomatic) are all contagious and can therefore transmit the virus to susceptible
people they are in contact with. Individuals working from home do not move but they can be in contact with people
passing by their home (deliveries, postal services, etc.). However, they have less contacts on average than people
who have to work outside of home.

In order to reduce the spread of the virus, people who tested positive are put into quarantine and are completely
isolated: they cannot transmit the virus any further.

Testing strategies

In our model, we simulate tests with both a sensitivity and specificity of 90%. It would be interesting to vary these
2 parameters in future work, to study their impact on the evaluation of the epidemic curve. Our goal is to find out
how we can best use the tests available each day to reach the two main objectives of a massive testing campaign: to
monitor the epidemic (optimise fit between estimated and ”real” curve) and to control it (minimise the epidemic
peak). The screening campaign has the following attributes:

• The number of tests available each day. The testing strategy of the French government plans for 500000 to
700000 tests per week, which corresponds to about 2 to 3 tests per day for the reduced population of 2,000
agents in our model;

• The triggering time, i.e. the moment from which we start testing the population. In the model, it is defined
in terms of a threshold X for the proportion of symptomatic people in the population: when more than X% of
the population is symptomatic, the testing campaign starts;

• The target population being tested, with possible values being: random sampling; symptomatic people;
elderly / at-risk people; or people working outside of home.

Interactive simulator

The simulator is implemented in Netlogo and available to play online4. Fig 2 illustrates its online interface.

The user takes on the role of a public health decider, and must try to reach several goals:

4Covprehension question 17: https://covprehension.org/en/2020/05/12/q17.html
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Figure 2. Interface of the online simulator

• To minimize the total number of tests used;

• To minimize the spread of the epidemic, i.e. the total number of people infected;

• To minimize the number of people quarantined for no reason, i.e. the number of false positive tests;

• To estimate as closely as possible the “true” curve in order to precisely monitor the epidemic over time;

To reach these goals, the user can modify the parameters of the testing campaign as defined above:

• The number of tests available each day (i.e. time necessary to test the entire target population);

• The starting date of the testing campaign: immediately from the start of the epidemic, or later on;

• The target population: in-person workers, elderly, random, symptomatic.

The different goals are obviously not always compatible, and the actions can have opposite effects on different goals,
improving one at the cost of failing another. For instance, to best know the status of the epidemics, one could test
every citizen but that would fail to minimise the number of tests used; or one could randomly test people to get a
representative picture of the situation, but would then “waste” many (negative) tests that fail to spot and isolate
infected people. Managing the situation therefore requires finding some compromise. We expect that interacting
with the simulator will help people understand the stakes behind the sanitary measures, and will make them less
subject to blindly believing disinformation. But this will require future experiments with users, to test the actual
impact of playing with our simulator.

In the following section , we describe the experiments that we ran by manually varying the different parameters
(target population, number of tests per day, and starting date), and we compare how well they estimate the ”real”
curve, which the simulation allows to know. The next section will then discuss an automated optimisation of the
parameters with the goal to best fit the real curve.
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EXPERIMENTS

Inference of the epidemic curve

There are several ways to compute the estimated curve from the results of screening tests. The number of confirmed
cases communicated every day by the authorities of different countries is a combination of test results and expertise
of health professionals. But like any statistical estimation, these figures have error margins and potential biases. We
believe that the general public should be aware that the “true” number of infected people is unknown and can only
be approximated. It is one goal of our simulator to allow them to observe these variations and errors.

Indeed in our simulator we know the status of all of the agents, so we do know this "true" number of infected agents
over time, which is impossible in reality. We can therefore compare the curve estimated using tests, with the
“true” curve, in order to verify the correctness of the estimations obtained with different strategies. This is a great
advantage of agent-based simulation, which will allow us to evaluate how well different computation methods do fit
this real curve. We have actually tested two simplified estimation methods, described below: proportionality, and
predictive values.

Proportionality rule

First, we could intuitively use a simple cross multiplication: the number of positive tests among the total number of
tests provides an estimation of the proportion of cases in the general population, by a proportionality rule. For
instance, if we test 700000 people and that 1000 of them are infected, this is a proportion of 0.14%, so we deduce
that out of the 70 millions residents of France, 100000 are infected. But this simple proportionality rule does
not work well in epidemiology, especially when the number of people tested is low, or when the prevalence of the
epidemic (i.e. the total number of cases at a given time) is too low, as is the case at the beginning and at the end of
an epidemic, or when tests are not entirely reliable.

Predictive values

Another method for estimating the total number of infected people is to compute the predictive values of the
test, which depend on three elements: the prevalence of the epidemic, the rate of false positives (which is equal
to 1 − 𝑠𝑝𝑒𝑐𝑖 𝑓 𝑖𝑐𝑖𝑡𝑦, with specificity being the probability that a positive individual receives a positive test), and
the rate of false negatives (equal to 1 − 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦, since sensitivity is the probability that a negative individual
receives a negative test) obtained with the test. The positive and negative predictive values are not intrinsic to the
test (unlike true positive rate and true negative rate), and do not concern a single individual but a population, so they
also depend on the prevalence of the epidemics in this population (i.e. the probability that an individual is positive).

The positive predictive value is also called precision. Its complement is the false discovery rate, i.e. the rate of false
positives among the total of positive tests.

𝑃𝑃𝑉 =
𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 ∗ 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒

𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 ∗ 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 + (1 − 𝑠𝑝𝑒𝑐𝑖 𝑓 𝑖𝑐𝑖𝑡𝑦) ∗ (1 − 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒) (1)

The negative predictive value (the rate of true negatives in the total negative tests) is the complement of the false
omission rate, i.e. the rate of false negatives upon the total of negative tests.

𝑁𝑃𝑉 =
𝑠𝑝𝑒𝑐𝑖 𝑓 𝑖𝑐𝑖𝑡𝑦 ∗ (1 − 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒)

𝑠𝑝𝑒𝑐𝑖 𝑓 𝑖𝑐𝑖𝑡𝑦 ∗ (1 − 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒) + (1 − 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦) ∗ 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒
(2)

The following paragraphs describe our experiments on a simulated population of 2000 agents, exploring different
scenarios by varying the different parameters of the screening campaign.

Comparison of estimated cases for the different samples of population

Let us look at what happens when we choose a daily number of tests equivalent to that of the French government
(i.e. 3 tests for 2000 individuals) and when we start testing as soon as the first case appears (which has not been the
case in France).

We compare the curves representing the number of cases estimated by the proportionality rule (in red), the number
of cases estimated by computing the predictive values (in blue), and the “true” number of cases (in black), for each
sampling strategy (testing priority among: random, elderly / at-risk, workers, symptomatic). Figures 3 summarises
the results.
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(a) Random sample (b) Symptomatic sample

(c) Elderly sample (d) Workers sample

Figure 3. Experiment 1: 3 tests/2000, immediate start, different samples

Firstly, we note that the blue and red curves (the estimated cases) vary a lot more than the black curves (the “true”
cases). Indeed, they depend on the number of positive tests each day, which varies greatly depending on who is
tested. In general, we choose to “smooth” this estimation by computing the mean result of tests over several days
(here, a mean over 7 days), but there is always a larger variability depending on who is tested each week. For
example, a lot of negative tests may result in an estimation of a decreasing epidemic which is not necessarily true
(maybe we just tested non-infected people, which does not mean that no one is sick anymore).

We also note that the blue curves (with predictive values) are better estimators than the red curves (proportionality
rule), especially at the beginning and at the end of the epidemic when the prevalence of the virus is low, and
especially for symptomatic people, who are less representative of the total population.

Secondly, we find that the worst estimation happens when we only test symptomatic people (top right figure):
since we only test symptomatic people, who therefore have a high probability of being infected by COVID-19, we
obtain a high positivity rate of the tests, so we overestimate the “true” number of cases in the general population.
Given that the tests we model are diagnostic ones, it is really not sound to extrapolate the number of cases in the
general population from the tests performed on symptomatic people. The model confirms this. Such tests allow to
control the epidemic by confirming and isolating infected people, but they do not allow to monitor its spread in the
population.

Comparison of estimated cases w.r.t. the number of daily available tests

Let us now look at what happens when we choose to increase the number of daily tests: we start with 3 tests
for 2,000 people on the top left corner, then up to 6 tests for 2,000 on the top right corner, then 9 for 2,000 at the
bottom. Simulations were done on the random sample only, with a beginning of the testing campaign as soon as the
first case appears. The following figures show only the estimation by predictive values since it is better than the
proportionality method.

We notice that the higher the number of tests, the better the estimation of the number of cases in the general
population. After an initial overestimation, when there are very few cases in the population and very little tests
performed, the reconstructed curve follows rather precisely the actual epidemic curve, in particular around the
peaking time, the key moment of the epidemic.

Comparison of estimated cases w.r.t. activation date of testing campaign

In this final experiment, we use the random sample again, and vary the starting date of the campaign as well as its
intensity, in terms of the number of daily tests performed. The lower intensity, 3 tests/2000 people, corresponds to
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(a) 3 tests / 2000 people (b) 6 tests / 2000 people

(c) 9 tests / 2000 people

Figure 4. Experiment 2: immediate start, random sample, varying number of daily tests

the initial strategy in France, when the number of available kits was still quite low. The objective of this experiment is
to assess how well we can estimate the ”real” epidemic curve, by either starting screening very early, or performing
it at a very high intensity, or both. Figure 5 shows the results of the 4 different combinations of parameters.

We notice that with a low screening intensity of 3 tests for 2,000 people (first column), the reconstructed curve
cannot capture the epidemic peak when screening started late (after 15% of infections, upper left).

Similarly, if the screening campaign starts late (15% people symptomatic, bottom line figures), even increasing
the number of tests to 9 for 2,000 people (bottom right), we notice that the peak identification is very uncertain,
and cases are strongly overestimated after the peak. When screening starts immediately and intensively, this
overestimation only happens when the number of cases is very low (top right). The conclusion is that if we wait too
late to activate the testing campaign, the knowledge of the epidemic we get is strongly diminished, even if we ramp
up the number of tests available daily.

OPTIMAL STRATEGY

The perfect test does not exist, but there can be an ”optimal” one. Similarly, no ideal screening strategy exists, but
we can still search for the optimal strategy in a given situation.

Setup

In order to find the strategy that gives the best result, we ran an optimisation algorithm on our model, using the
OpenMOLE platform5. Through this algorithm, the model is simulated for a wide range of different input parameters
combinations, in order to find out which combinations lead to a "successful screening campaign", according to
various pre-selected criteria.

We varied the following 3 input parameters:

• Screening sampling strategy (random people, only workers, only the elderly, only symptomatic people);

• Daily number of tests (between 0.5 to 7 times the French strategy);

• Ratio of infected people needed in the population to trigger the start of the screening campaign (between 0% -
immediate start - and 50%)

5https://openmole.org/Calibration.html
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(a) Immediate start but low intensity
(3 tests/2000)

(b) Immediate start with high intensity
(9 tests/2000)

(c) Late start with low intensity
(3 tests/2000)

(d) Late start with high intensity
(9 tests/2000)

Figure 5. Experiment 3: random sample, varying starting date and intensity of the testing campaign

In order to try and minimise the following output indicators:

• Total number of tests performed (we want to perform the fewest possible tests given that their availability is
limited);

• Number of false positive results (people put uselessly in quarantines);

• Number of undetected infected people (who keep spreading the virus unknowingly, whether because they
were not tested at all, or because they were a false negative).

Optimisation results

Since we have several output indicators, there is no unique best solution, but several equivalent solutions that better
minimise one or the other of these output criteria. This is called a Pareto front.

For a population of 10000 agents, all the best solutions found by the algorithm for our model have two features in
common:

• they target symptomatic people;

• and they start screening as soon as the first case appears (as early as possible, exactly as recommended by
WHO).

Besides, the best solutions selected by the optimisation algorithm show that the more tests are performed, the more
infected people are detected (see Figure 6). This result looks obvious, but it is always reassuring to confirm that the
model behaves as expected. It could also reassure the general population that a higher positivity rate in a given
country compared to neighbours can simply mean that this country is testing its population more.

The results of our optimisation algorithm therefore also confirm that the strategy to massively test the population as
early as possible does work and can avoid a lockdown, on condition of course that enough test kits and medical staff
are available. Incidentally, this is the strategy that was adopted in South Korea6.

6https://www.lemonde.fr/international/article/2020/03/20/en-coree-du-sud-des-tests-massifs-pour-endiguer-le-coronavirus_

6033800_3210.html
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Figure 6. Calibration: number of undetected infected people wrt total number of tests

DISCUSSION AND CONCLUSION

In this work, we have provided a simple model of the propagation of COVID-19 in a population, and of different
screening strategies to both control and evaluate the epidemic curve. The model is based on figures available
for France but is easily adaptable to other countries. It is willingly simplified, in order to provide an interactive
simulator to explain to the general public the mechanisms of the epidemics and how the count of infected people is
estimated every day. We believe that providing the population with scientific facts and explanations is key to protect
them from fake news and to improve the acceptability of sanitary measures (e.g. necessity of regular self-tests for
children at school, etc). Besides, we have also used our simulator to compare different computation methods and
different screening parameters. An optimisation algorithm proved the required properties of a successful screening
campaign, which happens to have actually been successfully used by South Korea at the start of the epidemics.

In future work, we would like to conduce more experiments, evaluating not only how well we can fit the epidemic
curve, but also how to control it; in this case the output indicators to optimise would be the total number of
infections and the height of the epidemic peak. Another interesting experiment would compare tests of various
quality (sensitivity and specificity) to check if it is better to start screening early with low quality tests (as suggested
for college reopening in the US (Paltiel et al. 2020)), or to wait that more reliable tests are available, at the risk of
not being able to catch up (as suggested by our experiments).

Finally, our simulator has been made available online but we have not yet surveyed the users to assess its impact.
Future experiments need to be setup with users of different profiles to prove our claim that changing role (playing
the role of a health decider), actually interacting with the parameters to test what-if scenarios, and getting feedback
about one’s choices, can provide a welcome feeling of control and a better understanding and acceptance of the
situation.
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ABSTRACT

Population sheltering is a recurrent problem in crisis management that requires addressing two aspects: evacuating
vulnerable people using emergency vehicles and regulating movements of pedestrians and individual vehicles
towards shelters. While these aspects have received considerable attention in modeling and simulation literature,
very few approaches consider them simultaneously. In this paper, we argue that Agent-Based Modeling and
Simulation (ABMS) and Optimization are two complementary approaches that can address the problem of sheltering
globally and efficiently and be the basis of coherent frameworks for decision- and policy-making. Optimization
can build efficient sheltering plans, and ABMS can explore what-if scenarios and use geospatial data to display
results within a realistic environment. To illustrate the benefits of a framework based on this coupling approach,
we simulate actual flash flood scenarios using real-world data from the city of Trèbes in South France. Local
authorities may use the developed tools to plan and decide on sheltering strategies, notably, when and how to
evacuate depending on available time and resources.

Keywords

Sheltering, Simulation, Agent-Based Modeling, Optimization, Vehicle Routing Problem, Coupling, Flood Evacua-
tion.

INTRODUCTION

Earth’s climate is rapidly changing due to the growing detrimental human activity. This fact threatens the
environmental equilibrium and causes an increase in natural hazards such as fast floods and forest fires. Decision-
makers and crisis management units need to respond efficiently before, during, and after the disaster to reduce
the impact of similar events, particularly human casualties. One of the major issues is to anticipate evacuating
populations from risk areas. This process has to consider individuals who can self-shelter and those who need
assistance to flee the risk, namely disabled and older people. Hence, authorities must not only control local
population movements but also deploy emergency vehicles to evacuate vulnerable populations (populations located
in risk areas and who cannot self-shelter).

Today, advanced research and new technologies propose several techniques to help rescue services improve
the sheltering process, notably optimization and simulation. Optimization can build efficient evacuation plans,
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and simulation can explore what-if scenarios and use geospatial data to visualize dynamics and display useful
metrics within a realistic environment. Therefore, it is crucial to couple optimization and simulation in crisis
management tools while considering their reusability to different disaster contexts and their possible use to support
decision-making (Anuar et al. 2021; Gruler et al. 2019). In the optimization domain, Vehicle Routing Problem
(VRP) algorithms allow optimizing resources and finding optimal routes to evacuate people from risk areas towards
evacuation centers (Dubois et al. 2019). In the simulation domain, Agent-Based Modeling and Simulation (ABMS)
can describe and simulate heterogeneous interacting entities within a complex environment (Macal 2016) and
provide aggregate indicators from different simulations. Hence, combining these two techniques with Geographical
Information Systems (GIS) allows developing practical tools to ease decision-making in crisis management.

Current architectures implementing simulation with optimization are usually ad-hoc (Azimi et al. 2018) or merge
the code of the two functionalities (Oh et al. 2018) and are therefore difficult to reuse in other contexts or improve
each component separately (Peres and Castelli 2021). Moreover, most models combining ABMS and VRP solvers
have been designed for transport and logistics case studies, and their specificity prevents generalizing them to other
domains such as risk management (Barbati et al. 2012). This specificity is due to the fact that VRP dynamics and
constraints are usually problem- or domain-specific. Besides, implemented models do not fully use agent-based
features to abstract the complexity of crisis phenomena or use limited optimization algorithms that do not include
sufficient real-world constraints such as disruptions and unpredictable events (Gruler et al. 2019; Chica et al.
2017). Finally, proposed models dealing with crisis management generally address only one aspect of sheltering
(self-sheltering or evacuation by emergency vehicles). These limitations restrict the applicability of existing
architectures implementing ABMS with VRPs and establish the need for more hybrid and combined approaches
(Anuar et al. 2021; Gruler et al. 2019).

In this work, we address some of the previous limitations, namely specificity, non-modularity, and the limitation to
one aspect of the problem, through the following contributions:

• A generic conceptual metamodel that describes the invariant concepts of sheltering and their relationships.
To demonstrate this generic approach, we define two instances of this metamodel. The first one supports the
regulation of movements of the population, and the second one handles the evacuation of vulnerable people.

• An agent-based simulator that implements the previous models with geospatial data to simulate sheltering
populations in risk areas. The simulation includes regulating population movements towards shelters and
evacuating people from critical locations.

• A coupling architecture of two software components: the previous ABM simulator and a VRP optimizer that
computes optimal routes for emergency vehicles using graph-based data produced by the simulator. This tool
simulates a crisis phenomenon and optimizes the related evacuation process. The modular design separates
the functional aspect of the simulator (simulation of the phenomenon) and the external component performing
a specific service (optimization of the evacuation plan). This architecture allows updating the two elements
independently to adapt the tool to different case studies and ease the implementation of new functionalities.

• A case study of a flooding scenario in the south of France. This experimentation demonstrates the use of the
developed tools to support decision-making on sheltering strategies during the anticipation and response
phases of a flooding event. The tool allows estimating the total time required for a population to self-shelter
when police officers regulate their movements, the resources and the time needed to evacuate vulnerable
people, and the optimal distribution of resources in the city.

The remainder of this paper is as follows. The following section contextualizes this study and presents related
research. The third section introduces the conceptual model and describes the ABMs and the coupling architecture.
The fourth section illustrates the application of the tool to flood evacuation in the south of France. The fifth section
discusses the application results. Finally, we conclude with some perspectives of this research.

BACKGROUND AND RELATED WORK

Current literature highlights the lack of advanced digital tools and computer simulations to support and improve the
decision-making process in crisis management (Anuar et al. 2021). In France, most crisis management systems still
operate using traditional ways that do not take advantage of new technologies. For example, crisis management
units anticipate floods using two tools: meteorological vigilance provided by Météo-France1, and flood vigilance

1The French national meteorological service.
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(potential inundation zones) provided by flood forecasting services (Belin and Moulin 2016). These tools use static
maps and forecasted indicators to provide information about the predicted evolution of flooding events. Besides, the
various solutions used by different units lack interoperability (Truptil et al. 2010). Therefore, using the information
they produce is complicated and time-consuming for decision-makers to decide on sheltering and evacuation
strategies. In conclusion, it becomes of paramount importance to provide decision-makers with interactive and
interoperable tools to ease their understanding of the crisis, help them build sheltering scenarios, and support their
decision-making on which strategy to adopt based on relevant indicators.

Several works have investigated the coupling of simulation with optimization tools; however, most of them are
in logistics and transportation, and very few have used this combination in crisis management (Barbati et al.
2012). For example, Azimi et al. (2018) use an agent-based simulation to optimize the routes of ambulances and
manage the allocation of medical assistance to victims after a disaster. Their model executes the optimization
process whenever a blocked road affects rescue operations. Fikar et al. (2016) present an agent-based simulation to
optimize the distribution of relief goods with trucks and drones after a disaster. They used the simulation to conduct
experiments about the impact of coordination and fleet configuration on the efficiency of relief strategies. Shafiee
and Berglund (2016) present an approach to model the dissemination of warning and critical information during
disaster events by optimizing the routes of emergency vehicles. Their simulation includes several dynamics of
hazards, populations, and transports. Oh et al. (2018) is the closest work to ours and uses interactions between
emergency vehicles and rescue demands to improve evacuation planning by updating task lists of the involved
vehicles. Their model implements a complex agent-based algorithm based on heuristics to optimize the routes
between different disaster sites. The main limitations of the previous works are their restriction to the vehicle
routing problem, weak connection to GIS, and the lack of modularity in their design. Regarding the VRP aspect,
they do not fully consider the heterogeneity of emergency vehicles (capacity, speed) and the priority and deadlines
of rescue demands.

Regarding the sheltering of populations moving as pedestrians or using individual cars, we can distinguish two
types of works, with or without regulator agents (e.g., police officers) (Daudé et al. 2019). In systems without
regulation, Takabatake et al. (2020) present an agent-based simulation to study the movements of pedestrians and
individual vehicles towards shelters during a tsunami. They use optimization for cars, and their results highlight
the impact of the localization of sheltering centers and the percentage of vehicle usage on mortality rates. Anh
et al. (2011) manage the evacuation of pedestrians by simulating individual decisions and behaviors on a road
network depending on the importance of the area. Similarly, Le et al. (2021) investigates the role of risk awareness
of pedestrians in the sheltering strategies during a tsunami. Their model simulates two levels of awareness and
highlights the importance of the information on the mitigation of damage.

In systems with regulation, involving regulator agents plays a significant role in controlling crowds, limiting
unnecessary and unsafe movements, and improving population awareness. Dulam et al. (2012) simulate the role of
police officers in reducing mass evacuations time by encouraging people to evacuate. Their experiments confirmed
the positive effect of officials on reducing pre-evacuation time and fatalities in large risk areas. (He et al. 2015)
develop a network-based algorithm and an optimization model to manage the allocation of police officers to principal
roads in a city. The presence of police officers improves the efficiency of emergency evacuation and prevents
accidents and congestion. In this work, we adopt a similar approach based on three types of agents: regulator agents
(police officers), individual vehicles, and pedestrians. All three agents can disseminate awareness.

In conclusion, none of the previous works addresses both aspects of sheltering: emergency vehicle routing
optimization and regulation of population and individual cars. Furthermore, most optimization solutions use limited
VRP constraints, do not integrate GIS, and provide no modular and reusable solutions.

COUPLING ABMS WITH VRP FOR SHELTERING POPULATIONS

In this work, we present an ABMS approach addressing the sheltering of populations in crises. This approach
associates two models. The first one manages population movements and self-sheltering with the assistance of
police officers, while the second one optimizes the routes of rescue vehicles. These two models are complementary
as they simulate two different aspects that crisis management units need to carry out to anticipate and respond to
disaster events. Moreover, they are compliant with the same metamodel guaranteeing their coherence.

The first model manages the self-sheltering behaviors through the control of population movements and the
dissemination of information and risk awareness. The self-sheltering strategy is crucial and can replace or facilitate
other disaster relief measures such as assisted evacuation (Haynes et al. 2009). This model includes the role of
police officers in charge of traffic and pedestrian movements regulation proven to be efficient in sheltering scenarios
(Bonkiewicz and Ruback 2012; Lamb et al. 2012). The second model studies the evacuation of vulnerable people
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using emergency vehicles and uses an optimization algorithm to minimize the evacuation time and the number of
required resources. These two models share various concepts and roles related to risk management in the context
of sheltering and evacuation. They include human agents, material resources, and geographical locations. The
metamodel depicted in Figure 1 summarizes these concepts and draws their inter-relationships. This metamodel
differs from existing metamodels (Bénaben et al. 2008) covering more general aspects of crisis management with
no focus on sheltering and evacuation.

generatedamage
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extend

Infrastructure
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InterventionRequest

*

1..*

1 *
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Figure 1. A UML metamodel of evacuation in crisis context

In this metamodel, classes (rectangles) represent the different concepts needed to model the response to disaster
events. A HazardEvent is an entity representing a natural or human-made disaster such as a flood or a fire. When a
hazard event occurs, it causes damage to the study area and creates rescue and evacuation demands that the model
has to respond to. A Component is any object composing the environment (buildings, bridges, . . . ), including
Infrastructure objects, which are the active components used by the evacuation process, and their damage has an
impact on the response. For example, a base transceiver station is considered as an infrastructure component if the
response process involves wireless communications; otherwise, it is a simple component that, when damaged, does
not affect the system. The hazard creates a set of InterventionRequest (e.g., rescue demands) representing people,
animals, or materials to evacuate out of risk areas. An EvacuationActivity consists in a basic task or a plan (set of
basic tasks) to be performed to respond to an InterventionRequest (e.g., blocking a road, an emergency vehicle
trip, . . . ). A HumanActor represents a role (e.g., fire-fighter, police-officer, . . . ) that may perform an activity. A
MaterialResource is an object (e.g., car, helicopter, . . . ) that may be necessary to carry out an evacuation activity.

Agent-based model of self-sheltering and crowd management

The purpose of this model is to evaluate the impact of the spatial distribution of police officers on self-sheltering
(pedestrians and people using individual cars). We can use the model to assess and visualize different configurations
by choosing various distributions of police officers. The model produces three principal indicators: a) the total time
required for a population to shelter at home or in designated shelters; b) the best starting time of the sheltering
process; and c) the optimal spatial distribution of police officers, i.e., the one that minimizes the total sheltering
time.

Structure of the self-sheltering model

Figure 2 depicts the structure of this model in the context of flooding management. This model is an instance of the
metamodel of Figure 1 and specifies the relevant concepts involved in the self-sheltering process in our case study.
We detail these concepts in the following paragraphs.

• Building represents a geographical location that may host people when the building is residential. A building
is an infrastructure of the study area that the hazard event may damage. In this example, residents need to
shelter away when the flood reaches their houses.

• RescueCenter represents a public safe place (a shelter located out of risk areas). Pedestrians and individual
cars move to rescue centers to escape the risk.

• RoadSegment is a portion of a road. It can be damaged by a hazard, blocked by police officers to regulate
movements, and potentially used by pedestrians or individual cars. A maximum speed limit is associated
with each road segment. This limit may change according to the number of vehicles using the corresponding
road segment. When the speed limit reaches 0, temporary traffic congestion blocks vehicles.

• FloodSituation is the flooded area at a particular moment. It starts at a predefined time and impacts the
infrastructures of a determined area. A flood event is the aggregation of several flood situations.
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Figure 2. The UML model of self-sheltering with the assistance of police officers

• River represents the starting geographical point of floods but does not have any activity and is used mainly
for visualization purposes of the map.

• IndividualVehicle is a resource that individuals may use if they decide to shelter by individual cars; otherwise,
they move to shelters as pedestrians. Each vehicle transports one household and moves within the speed limit
of its current road segment.

• Household is a group of people that shelter together in a vehicle. Each household has an awareness state
impacting its decisions of sheltering. Households can transmit information on the risk level to other people.

• Pedestrian represents an individual who shelters by walking instead of taking a vehicle. The decision to
shelter is determined according to the awareness state. A pedestrian can inform other people about the risk
level.

• PoliceOfficer regulates traffic, blocks a road, and informs about flood risks and potential traffic congestions.
The police warnings allow pedestrians and vehicles to avoid the risk and arrive rapidly at shelters.

• RegulationPlan represents the evacuation activity put in place by police officers to respond to the hazard
event. It consists in blocking roads and warning the population.

Dynamics of the self-sheltering model

The simulation reproduces the daily activities of a population before the hazard occurrence. When individuals
become aware of the risk either by information exchange, direct perception, or police warning, they start sheltering.
Police officers control traffic and regulate the movements of pedestrians and individual cars toward shelters.

At initialization, the model generates individuals, households, and vehicles based on real-world data. The population
is dispatched to residential buildings, and each moving pedestrian/vehicle gets a random destination corresponding
to a building. A percentage of the population starts moving (corresponds to people who work, study, or perform
their activities of daily living). Initially, the population has no risk awareness, and the state of individuals is "not
informed". Moving people (pedestrians and households in vehicles) move towards their destinations and may: (i)
get informed by other people and acquire the state "informed"; or get warned by police officers or perceive the risk
directly, and change their awareness state to "warned". Informed and warned people may decide to shelter or not.
Figure 3 shows how individuals shelter depending on whether or not their sheltering decision is regulated by police
officers. The three principal activities of agents (sheltering decision, information exchange, and risk perception)
depend on their awareness state and the following model parameters:
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Figure 3. The UML activity diagram of self-sheltering decision with and without the assistance of police officers

• Transmitinformed: is the probability of an informed pedestrian/household to transmit the information and risk
awareness to non-informed people.

• Transmitwarned: is the probability of a warned pedestrian/household to transmit the information. This
probability is higher than the previous one to simulate the veracity and the higher impact of information
emanating from direct perception or police warning (Bonkiewicz and Ruback 2012; Lamb et al. 2012).

• Transmitradius: is the scope distance of information transmission between individuals. Each informed or
warned pedestrian/household can impact the awareness level of its non-informed neighbors within this radius.

• Warnradius: is the scope distance of the warning transmission from police officers. Once warned, individuals
and households get the "warned" state and change their destination.

• Perceiveradius: is the distance from which pedestrians and vehicles can perceive the risk (a flooded area) and
get warned. Some warned agents might choose to continue their route and get exposed to high risk.

• Shelterinformed: is the probability of an informed individual/household to decide to shelter.

• Shelterwarned: is the probability of a warned individual/household to decide to shelter. The sheltering decision
follows the diagram of Figure 3 depending on the presence or not of police regulation.

Agent-based model of optimized evacuation with emergency vehicles

This model aims to simulate the evacuation of vulnerable people using emergency vehicles. The model couples
an agent-based model to an optimization algorithm called Capacitated Vehicle Routing Problem under Deadlines
(CVRPD) (Dubois et al. 2019). The objective is to simulate a fixed fleet of heterogeneous vehicles (several categories
with different capacities and speeds) that have to evacuate rescue demands by repetitively (multiple trips) visiting
heterogeneous nodes with the possibility of splitting pickups.

As input data, the optimizer takes a graph where nodes represent rescue demands and arcs represent the shortest
available paths between nodes. A rescue demand is defined by a geographical location, the number of persons to
evacuate, the category of vehicles that can evacuate it, a priority, and a deadline. Also, the optimizer requires a list
of available emergency vehicles to use. The algorithm output consists of a set of routes for each vehicle. Indeed,
when an emergency vehicle reaches its capacity, it goes to the evacuation center to drop off evacuated people and
starts a new turn, if any.

Optimization parameters 
{[demands], [vehicles]}

Agent-Based Simulator

Optimization results 
{[routes]} 

Vehicle Routing Optimizer 

Computes optimized routes

Manages hazard process

Updates demands, roads, and vehicles

Extracts and prepares graph-based data

Visualizes states and outputs

Figure 4. Software architecture: coupling the agent-based simulator with the optimization component
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The agent-based simulator uses the geospatial map of the study area to visualize the evolving state of different
components: rescue demands, roads, flood events, and circulation of vehicles. After a submersion, an emergency
vehicle can interrupt its route and wait for another routing plan that the simulator requests from the optimizer.
From an interaction point of view, the ABM simulator is responsible for gathering and providing input data to the
optimizer. On the other side, the VRP optimizer computes and provides the simulator with the different routes
associated with each vehicle. The two components use JSON files to communicate and exchange data (Figure 4).

Structure of the evacuation model

To allow monitoring the environment and including the optimization process in the context of flood management,
the UML class diagram of the ABM (Figure 5) is composed of the following entities:

• Building represents geographical locations where rescue demands are located. The types of buildings
determine the priorities of rescue demands. For example, a school has a higher priority than administrative
buildings and individual houses.

• RoadSegment is the infrastructure that emergency vehicles use to travel between different locations.
Depending on the hazard level, a category of vehicles may not travel on impacted roads. Only roads accessible
to emergency vehicles are considered.

• RescueCenter represents a specific shelter-building that receives people evacuated from rescue demands.

• RescueDemand represents a location where vulnerable people wait to be evacuated. During the initialization,
and depending on the geospatial configuration, each rescue demand is associated with a specific evacuation
center.

• FloodSituation has the same meaning as in the previous model but differs from a behavioral point of view.
At each new flood situation, deadlines and categories of rescue demands are updated.

• River idem as in the first model.

• EmergencyVehicle is a resource located initially in a given evacuation center where it is supposed to drop off
evacuated people. An emergency vehicle may perform several trips considering its limited capacity.

• EvacuationTrip is an ordered list of rescue demands. It represents one round trip that starts and ends at the
evacuation center. The optimization algorithm may compute several evacuation trips for each vehicle.

<<Infrastructure>> 
Building

- type: String
- shape: Geometry

+ is_flooded() : Boolean

submerge

generate

<<HazardEvent>> 
FloodSituation

- level: Integer 
- startTime: Integer
- shape: Geometry

+ update_demands()
+ relocate_vehicles()

*

<<Infrastructure>> 
RoadSegment

- length: Float 
- shape: Geometry

+ is_flooded() : Boolean

submerge

***

located in <<InterventionRequest>> 
RescueDemand

- size: Integer 
- category: Integer
- priority: Integer 
- deadline: Integer
- actionTime: Integer

+ is_deadline_violated(): Boolean 

1

*

<<Resource>> 
EmergencyVehicle

- capacity: Integer 
- category: Integer
- speed: Float
- location: Point

+ take_people() 
+ drop_off_people()
+ go_to_next_demand()

route

respond to

<<EvacuationActivity>> 
EvacuationTrip

1..*

*

1..*

*

<<Infrastructure>> 
RescueCenter

<<Component>> 
River

- shape: Geometry 
*

*

use

1

1

*

*

Figure 5. The UML class diagram of evacuation with emergency vehicles
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Dynamics of the evacuation model

At initialization, and depending on the geospatial configuration of the study area, an allocation process associate
each rescue demand to the closest evacuation center. Each evacuation center contains a set of emergency vehicles
defined in simulation parameters. The optimization algorithm computes an initial routing plan, and the emergency
vehicles start operating their trips. When a new hazard event affects the accessibility of some roads, the model
updates the category of each impacted rescue demand (the type of vehicles that can reach it). The simulation gathers
the updated data of the current environment state (number of people and categories of rescue demands; positions
and passengers of vehicles) and requests the optimizer for a new routing plan.

Evacuate people

no yes

New
flooding
event ? 

no

yes

Vehicle full ?

no

Go to the
evacuation center

yes

no

Vehicle full ?

yes no

Can reach
the evacuation

center ? 

Go to the closest
rescue demand

Receive new routing plan

yes

End of
evacuation ? 

Figure 6. The UML activity diagram describing the behavior of a vehicle

After each submersion, the behavior of vehicles changes according to the situation of the environment. An
emergency vehicle with full capacity returns to its evacuation center if a route is available; otherwise, it joins an
emergency shelter (the closest accessible rescue demand) through the shortest available path. An incomplete vehicle
goes directly to the nearest accessible rescue demand that updates its size to include the current passengers of the
hosted vehicle. The new data are supplied to the optimizer to compute a new routing plan. Figure 6 summarizes the
behavior of an emergency vehicle in this model.

Implementing simulations with GAMA platform

GAMA (Taillandier et al. 2019) is a spatially explicit platform for building large-scale agent-based models to
implement ABM simulations. GAMA loads data from GIS sources to create different components of the study area:
geospatial polygons of buildings and flood levels, graphical networks of roads and rivers, and geospatial points
of police officers and rescue demands. Additional parameters of vehicles and dynamics are loaded from textual
configuration files.

The first simulator (Figure 7) represents the self-sheltering model where pedestrians (represented by triangles) and
vehicles move in the city and adapt their behaviors to the propagation of the hazard event and the risk information.
Colors indicate the awareness level: non-informed (red), informed (yellow), and warned (green). Inputs window
allows specifying simulation parameters such as anticipation time, movements regulation, and different action
probabilities (informing and evacuating). The first output graph shows percentages of people in the risk area (400m
around the flooded area), people at risk of death (people in flooded areas), and people who arrived at shelters.
The second graph shows the percentages of moving people according to the purpose of their movements (moving
towards a shelter or not). The last graph displays the evolution of risk awareness (the percentages of informed and
warned people).
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Figure 7. The graphical interface of the self-sheltering simulator under the GAMA platform with input parameters
(top-left), real-time outputs and charts (right), and the map of the study area with the simulated agents (vehicles,
pedestrians, police officers)

The second simulator (Figure 8) calls the optimization algorithm and visualizes the dynamics of flooding, routing,
and evacuation of rescue demands towards evacuation centers. Simulator interfaces offer a dynamic environment to
follow the sheltering and evacuation processes in real-time. Inputs window allows specifying different simulation
parameters such as anticipation time and available resources in each evacuation center. Output charts and indicators
can be displayed in real-time and their data saved to files for further analysis. Graphs of Figure 8 show, for example,
the evolution of the evacuated people by evacuation priority and the evolution of the total traveled distance by each
type of vehicle.

Figure 8. The graphical interface of the evacuation simulator under the GAMA platform with input parameters
(top-left), log of evacuation activities (bottom-left), real-time outputs and charts (right), and the map of the study
area with the simulated agents (emergency vehicles, rescue demands)

GAMA platform offers an in-built feature called batch experiment to execute multiple simulations in parallel, with
different combinations of parameters (populations, hazard event, anticipation time, resources). This feature allows
automatic testing of several scenarios to simulate various sheltering and evacuation strategies.
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APPLICATION TO FLOODING CRISIS MANAGEMENT IN TRÈBES

Trèbes is a district of the Aude department in the Occitanie region in southern France. Located on an important
river crossing, Trèbes is subject to Mediterranean rains that cause regular flooding, as was the case in October
2018. Six people have died during this episode of floods in Trèbes alone (14 in the department), with significant
material damage of tens of millions of euros (269 M€ overall the Aude department)2. During flooding events, rivers
split the city into two blocks, and authorities arrange two evacuation centers, one on each side. In this application,
we propose an instance of our models that considers this constraint, and we launch simulations with the 2018
submersion parameters to assess strategies of sheltering and evacuation.

Simulation Data and Parameters

Developed simulations use geospatial data of the study area to simulate realistic scenarios and provide relevant
results. Used real-world data concern spatial representation, population, and submersion event (Figure 9).

Figure 9. The map of Trèbes with buildings, roads, rivers, locations of police officers, and rescue demands (red
circles). The green rectangles represent shelters/evacuation centers. The blue polygon is the first submersion level

The IGN (National Institute of Geographical Information) BD TOPO® database provides GIS data representing
different aspects of the study area (buildings, roads, and rivers). Both models use the following three shapefiles:
buildings to locate the population of residential buildings and the rescue demands; roads to create the graph
network where agents move (pedestrians and vehicles if the road is physically accessible); and rivers to display
additional details on the map. Seven flood files (Table 1) provided by the project case study are based on the flood
vigilance maps to represent flood propagation. Each submersion level represents a flood situation with a water
height above the Aude River and a time interval representing the time recorded between two successive flood levels.

Table 1. Water heights and time intervals of submersion levels during the 2018’s flooding event

Submersion Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7

Water height 3.75m 4.55m 5.00m 5.45m 6.30m 7.60m 7.70m
Time interval - 30min 15min 10min 25min 1h45min 10min

Self-sheltering model

The model uses the spatial distribution of police officers depicted in Figure 9 to simulate the impact of the presence
of police officers. The simulation uses a shapefile of geometric points to include this configuration. Hence, 15

2Retour d’expérience des inondations du 14 au 17 octobre 2018 dans l’Aude. Rapport CGEDD n° 012561-01, IGA n° 18105-RP.

CoRe Paper – Analytical Modeling and Simulation
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022

125 



A. Laatabi et al. Coupling ABMS with optimization for population sheltering

officers based at the main crossroads of the city intercept movements, control crowds and traffic, and spread
information and awareness. The population is generated based on data of Trèbes provided by the national statistics
bureau of France INSEE (National Institute of Statistics and Economic Studies): total population (5566), household
mean size (2.15), and the percentage of households with vehicles (83.6%).

In this example, we consider that authorities do not order the sheltering of the population until the beginning of the
flooding event. Hence, we start simulations with the first submersion level without considering any anticipation
time. We execute five simulations to consider randomness in population generation and dispatching in residential
buildings. We fix other parameters as follows: the probability of moving at initialization = 0.1; the probability of
using the vehicle to move = 0.2; Transmitinformed = 0.4; Transmitwarned = 0.8; Transmitradius = 25m; Warnradius =
25m; Perceiveradius = 30m; Shelterinformed = 0.3; Shelterwarned = 0.9;

Evacuation model

In the evacuation and routing optimization model, rescue demand locations are provided by the project case study.
In this work, the number of potential people to evacuate is randomly estimated depending on the demand type
(school, commercial center, hospital, etc.). Rivers crossing Trèbes isolate evacuation centers; hence, we consider
them independent. Therefore, emergency vehicles evacuate rescue demands to the center on the same riverside.
Figure 9 depicts the spatial distribution of rescue demands in this case study. The number of rescue demands and
people to evacuate for each evacuation center is given in Table 2.

Table 2. Rescue demands, people to evacuate, and vehicles related to each evacuation center

Evacuation center Related demands Number of people Available resources
Center 1 (south bank) 24 674 [2,12] (bus), 2 (truck), 1 (helicopter)
Center 2 (north bank) 33 859 [2,12] (bus), 2 (truck), 1 (helicopter)

Evacuation resources are also related to each center (Table 2). The initial location and number of resources depend
on the simulated scenario. Three types of vehicles are considered in this work: buses, firefighter trucks, and
helicopters (Table 3). Each vehicle type has a capacity representing the maximum number of people to evacuate at
a time; a fixed speed of the vehicle as we omit all constraints that may affect this parameter (congestion, roads state);
and the maximum flood level that the vehicle can cross. When a submersion makes a rescue demand unreachable for
buses, the algorithm assigns it to a firefighter truck. Likewise, helicopters take demands that become inaccessible to
trucks. For this work, we simulate 11 scenarios for each evacuation center and each anticipation time by varying the
number of buses from 2 to 12. Two trucks and one helicopter are always present at each evacuation center (Table 2).

Table 3. Vehicles used to simulate flood evacuation in Trèbes

Vehicle Capacity Speed (km/h) Maximum flood level

Bus 30 20 1
Firefighter truck 10 10 5
Helicopter 5 100 -

Simulation results

Self-sheltering of the population with the assistance of police officers

The purpose of this first simulation is to help decision-makers decide on the impact of installing police officers to
control population movements and raise people’s awareness during a flooding event. Figure 10 shows the simulation
results in the case of Trèbes when the simulation starts at the same time as the first submersion level.

Figure 10a shows the percentage of moving population in the two simulated scenarios: without the assistance of
police officers and with their assistance according to the previous spatial configuration (Figure 9). The orange curve
represents the total percentage of the population that moves towards a destination (people on the street). The green
curve represents people who move exclusively for the purpose of sheltering (at home or in evacuation centers).
We notice that population movements decrease quickly with the presence of officers, and the majority of these
movements are for the objective of sheltering.

Therefore, as depicted in Figure 10b, the presence of police officers allows people inhabiting risk areas to arrive
rapidly at shelters. The proposed spatial distribution of 15 police officers helps reduce the sheltering time by
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Figure 10. Evolution of moving and sheltering populations, with and without regulation

approximately 50% (from 105 to 55 minutes) compared to the case where the population self-shelter without the
assistance of police officers. This duration depends on the input parameters, namely the number and the spatial
position of police officers. Our simulations confirm that the impact of police officers is influenced by both their
number and their spatial configuration, as one police officer at a principal crossroad is more efficient than multiple
officers on secondary and uncrowded roads.
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Figure 11. Evolution of sheltering populations according to the probability of information exchange

Concerning the two other principal parameters of this model, namely the probability of risk information exchange
and the probability of deciding to evacuate, Figures 11 and 12 shows the impact of varying (from 0.1 to 1.0) these
two inputs in scenarios with and without movements regulation. The results show that the positive effect of police
officers on population sheltering is more significant in simulation scenarios with a low probability of deciding
to evacuate (Figure 12). The presence of officers balances risk unawareness and people’s reluctance (refusal to
evacuate) and pushes them to avoid risk areas. The impact of regulation is insignificant in scenarios where people
already have high tendencies to flee the flooding risk. Figure 11 shows approximately the same pattern overall
simulated scenarios since the presence of officers contributes positively to spreading information.
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Figure 12. Evolution of sheltering populations according to the probability of deciding to shelter

Optimization of the evacuation of rescue demands by emergency vehicles

The purpose of this second simulation is to help decision-makers in the anticipation phase to decide on the time
and resources needed to evacuate all vulnerable people in potential flood areas. Another objective is to evacuate
all rescue demands without using particular and risky means, namely firefighter trucks and helicopters. These
resources are difficult to deploy and need more logistic preparation than buses. In addition, using firefighter trucks
and helicopters reveals a delay in the evacuation and may put evacuees and rescue teams in danger. Hence, it is
practical to determine the number of required buses and their initial location to avoid using particular means. This
required configuration of buses varies depending on available time and the forecasted flood levels.

The simulation estimates the number of buses and the total time required to evacuate rescue demands safely. Several
anticipations (time before the first submersion level) are simulated to determine, for each scenario, the required
configuration of resources. Figures 13 and 14 depict simulation results in the case of Trèbes with the flooding
scenario of 2018. The X-axis of the graphs represents the number of available buses. The left Y-axis gives the
number of rescued people using firefighter trucks and helicopters represented by the colored bars. The red line
gives the total evacuation time represented on the right Y-axis. In all scenarios, the simulation evacuates all rescue
demands.

Figure 13 shows results for the first evacuation center (south bank). Depending on the number of available buses,
rescue teams may or may not need firefighter trucks and helicopters. With no anticipation and three buses, particular
means are needed to evacuate 47 people. With six buses, evacuation of all rescue demands can be accomplished
without using trucks or helicopters. If evacuation starts 30 minutes before the first submersion level, only five buses
are needed to evacuate safely. With two hours of anticipation, all rescue demands can be evacuated with only two
buses, but evacuation would take more than three hours.

Figure 14 shows simulation results for the second evacuation center (north bank). If the evacuation starts with the
first submersion level (no anticipation), five buses need to be available in this evacuation center to evacuate all
rescue demands without using particular means. The operations would take 1h35. When anticipating 30 or 60
minutes before the first flood level, four buses are needed to accomplish evacuation safely within approximately two
hours. If evacuation is anticipated by two hours, no particular resource is needed to evacuate even with two buses;
however, the evacuation would take more than three hours (3h15). The simulation shows that firefighter trucks are
not necessary to rescue demands related to this evacuation center. Therefore, a good decision could be to locate all
available trucks in the first center where they may serve to evacuate until one hour before the first submersion level.
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Figure 13. Evacuation center 1 (south bank): evacuation process depending on start time and available buses

DISCUSSION

Advantages of the coupling architecture

The coupling model designed and implemented in this work allows the coherent use of efficient optimization methods
in a dynamic and stochastic environment to explore different what-if scenarios. From a software engineering point of
view, the modular architecture of this solution allows the reusability of components. Implementing new optimization
algorithms does not affect the ABM simulator when the new VRP optimizer has inputs and outputs that comply
with our metamodel. We used agent-based simulations with geospatial and real-world data to produce realistic
visualizations and relevant indicators. We believe that these outputs could be of great interest to decision-makers.

Usefulness in the French context

This work is a part of the CRIZ’INNOV research project that aims at implementing a portfolio of digital solutions
according to the needs of crisis management units in France. The current flood management procedures encounter
several difficulties, notably the complexity of information provided by forecasting tools (Belin and Moulin 2016).
The solutions developed in this work contribute to addressing this problem by exploiting risk information of
vigilance maps (potential flood areas) and available resources to simulate sheltering and evacuation strategies.

In the case study of Trèbes, we showed through simulated scenarios how the developed tools help in the decision-
making process to respond to a flooding hazard. Models can simulate different management strategies with
various flooding scenarios to anticipate or respond to the need of sheltering and evacuating exposed populations.
Using simulations with new data and parameters can reproduce different scenarios in various contexts of crisis
management.

Usefulness in crisis decision-making

The following subsections summarize how developed models can answer three main questions to help enhance
decision-making in crisis management.
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Figure 14. Evacuation center 2 (north bank): evacuation process depending on start time and available buses

Is it necessary to anticipate the hazard?

Decision-makers tend to avoid precocious and unnecessary evacuations that might be unjustified when a hazard
event does not induce a significant risk (Huang et al. 2012). The tools proposed in this work contribute to addressing
this problem by simulating a crisis to determine the best time to start sheltering and evacuation and whether it is
necessary to anticipate the hazard event. The starting time can be adjusted depending on the available resources, the
predicted evolution of the hazard, and the estimated total time required to accomplish sheltering and evacuation.

How much time is needed to evacuate populations in risk areas?

Depending on the input data and parameters, simulations estimate the required time for exposed populations to
self-shelter and emergency vehicles to evacuate all rescue demands. These two indicators may help prevent the
self-sheltering population from congesting roads and impeding emergency vehicles (Takabatake et al. 2020; Lim Jr
et al. 2013). Besides, the estimated total time needed for sheltering and evacuation help estimate the required
anticipation time and resources, and consequently, the crisis management unit may decide to call for reinforcements.

What is the best allocation of resources?

The self-sheltering simulation help explore different sheltering scenarios to decide on the best distribution of
police officers that efficiently regulate movements of pedestrians and individual cars and limit crowd panic. The
non-regulation of population movements may lead to shadow evacuations (evacuation of people from areas outside
a declared evacuation area) (Lamb et al. 2012) or complicate applying alternative strategies such as shelter-in-place
(staying indoors rather than evacuating the area) (Haynes et al. 2009). As demonstrated in the case of Trèbes, a
good distribution of police resources can improve the awareness spread and accelerate the self-sheltering process.
Also, this regulation can equilibrate the distribution of populations in shelters and avoid their overload.

Regarding the optimization of evacuation, simulations allow to determine the best distribution of vehicles between
evacuation centers. These simulations can be extended to other objectives, such as determining the best geographical
location for evacuation centers.
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CONCLUSION

In this paper, we presented the design and the implementation of a solution combining agent-based modeling
and simulation with optimization algorithms to anticipate sheltering populations in crises. The developed tool
combines two models. The first one simulates the impact of the distribution of police officers on the efficiency of
self-sheltering of the population. The second model simulates the evacuation of vulnerable people by emergency
vehicles. These two models share the same metamodel easing their combination in a comprehensive and coherent
sheltering approach. Such a solution can give decision-makers a practical tool to evaluate different sheltering
strategies depending on available time and resources. Several simulations integrating real-world data were used to
validate this work. The software architecture cleanly separates optimization and simulation, and the metamodel
allows reusing this solution to simulate sheltering in other crisis contexts (forest fires, earthquakes, . . . ).

In future works, we plan to improve the self-sheltering model by providing agents (pedestrians, households in
vehicles, and police officers) with more autonomous behaviors using a BDI (Belief–Desire–Intention) architecture.
This improvement would make agent behaviors closer to actual human reasoning and endow simulation outputs with
more realism. At a collective level, we will implement crowd-sourcing protocols to regulate the spread of awareness
among different stakeholders (police officers, citizens, . . . ) and then measure the influence of this awareness on the
efficiency of the sheltering process. Regarding the VRP optimizer, we will couple our agent-based simulator with a
new dynamic algorithm that adjusts the routes of emergency vehicles locally instead of recomputing the whole
routing plan after each flood event.
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ABSTRACT 

Project management has become a standard in business. Unfortunately, the projects as well as companies are 
increasingly subject to major disruptions. In this context, it is of prime importance to have the ability to manage 
the risks inherent to these projects to best achieve their objectives. The existing approaches of crisis management 
in the literature no longer seem to be adapted to this new normality. The future of research lies in a more systematic 
crisis assessment and a better conceptualization of the uncertainty associated with risks. It is necessary to rely on 
the collection of heterogeneous data in order to maximize the understanding of the project environment and to 
find a way that best describes and visualizes the influence of crises on the project management processes. This 
article uses the POD approach and applies it in the context of project management to address these issues. 

Keywords 

Crisis Management, Project Management, Risk Assessment, Physics of Decision, Simulation 

INTRODUCTION 

In the current context of globalization and systematization of the world, companies must deal with the instability 
every day. Most of the current organizations use project management standards to achieve their goals. This type 
of management has many advantages such as improving the collaboration of people from different departments, 
increasing the motivation and involvement of the actors, being able to achieve complex objectives, etc. A better 
understanding and analysis of their organizations will allow them to improve their management, to make them 
more resilient and therefore more resistant to a crisis. In this paper, we use the following definition for crisis: "a 
crisis is an event [creating a break in the state of a system] that surprises individuals, restricts their response time 
and threatens their primary objectives" (Hermann, 1963). The crises that companies undergo are more and more 
complex and harder to evaluate. In the phase of preparing for a crisis it is important for managers to be able to 
assess the impacts of the risks they face in order to best define the strategy (Coombs and Laufer 2018). This 
research paper focuses on the following research question: How to assess the impacts of risks that may led to a 
crisis on a project seen as a system with specificities and complexities? The proposal of this paper is based on the 
concept of "Physics of Decision" (POD), a framework developed to support a more efficient decision making 
(Benaben et al, 2020). This framework has an original approach in the definition of potentialities (risks and 
opportunities). It models these potentialities as forces that affect the performances of the system. The main 
objective of this research work is to demonstrate the relevance of this approach in a project environment by 
proposing this methodology (POD) dedicated to project management, notably in the context of a crisis, and to 
discuss its feasibility on an illustrative case. The paper is organized as follows. The second section highlights 
existing research about the assessment of crisis impact, risk management in project context and the related work 

WiP Paper – Analytical Modeling and Simulation 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

134 



Clara Le Duff et al. A physics-based approach to evaluate project crisis 

on risk management field precisely on POD which is used in this paper. The third section presents the proposal of 
the paper. The fourth section presents the experimentation and the result, while the fourth section is a discussion 
and a conclusion of the research. 

BACKGROUND AND PROBLEM STATEMENT 

Crisis Management 

Started in the late 70s, "Projectization" has gained popularity among all type of organization for the past decades 
(Backlund et al, 2014). This trend bears the great challenge to ensure project performance in a large panel of 
activities (industries services, construction, etc.). To structure successful projects, international standard appeared 
as PMI (Project Management Institute) which provides knowledge areas applicable to all projects (Project 
Management Institute 2018). To take care of disruptions or unexpected events, one of those areas focuses on crisis 
management. 

The field of crisis management is divided into 3 parts: Management Phases, Interaction Between Crisis 
Respondents and Information-Management Enablers. The part that interests us is the crisis management part. The 
literature agrees that there are 4 step in these part: (i) the mitigation step, which consist of reducing the degree of 
impacts risks and the vulnerability of our system, (ii) preparedness which correspond to develop the strategy and 
to prepare our system to face the crisis, (iii) the response phase which is the implementation of the planned actions 
and finally (iv) the recovery phase which is those actions that repair and restore our system (Lee et al 2017). In 
the preparation phase, one of the most important things is to analyse the risks as well as possible, especially by 
evaluating their impact on the system, in order to be able to create the response strategy (Coombs and Laufer 
2018).  

The field of risk management therefore seems useful and can be a real contribution in the preparation phase of the 
crisis. The field of risk management has been a very mature research area for decades. Many principles and 
methods have been established and are still, to this day, a basis for research and practice. Risk management is 
composed of a set of very standardized processes: Risk identification (identify the risks specific to the system and 
their factors), risk assessment (assess the impact and probability of these risks), risk mitigation (develop strategies 
to limit the damage, and control the occurrence of these risks) and finally manage and recover from these crises 
(Ho, et al. 2015) and (White, 1995). The risk assessment step is a key step in risk management, as a wrong 
assessment of a risk can be critical for the project and its deliverables. The purpose of risk assessment is to identify, 
analyze, evaluate and control the risks that may impact our system (BS EN, 2010). There are four types of methods 
developed in the field of risk assessment: probabilistic methods, interval probabilities, possibilistic measures, and 
qualitative methods (Flage et al. 2014). Therefore, there is much discussion about the techniques and tools to be 
provided but still no consensus is made on the best practices to have. 

Methods developed such as those using Bayesian networks or even probabilities have proven to be successful 
when fed with historical data. But in today's environment that contains deep uncertainties, these traditional 
methods are no longer suitable for expectations to drive their projects (Aven, 2015). It is necessary to better define 
and characterize the knowledge and lack of knowledge of a system to better assess the risk impact of a situation 
with uncertainty or instability.  In spite of all techniques developed, we notice that it is now necessary to custom 
the frameworks created to specific situations.  

Risk and Crisis assessment method for project 

As we know, the common techniques of the risk assessment process no longer solve the current problems due to 
the complexity of current projects (Marle et al, 2013). We must now try to consider a framework that would take 
into account a network of interacting risks (Liu et al, 2016). Many techniques have recently been developed in 
this sense, such as: analytical network process (ANP) (Boateng et al, 2015), the interpretive structural model 
(ISM) developed in (Dandage et al, 2018), a fuzzy weighted ISM (Tavakolan and Etemadinia, 2017), and the 
structural equation modelling (SEM) (Liu et al, 2016). Despite this, Taroun (2014) explains that these techniques 
do not provide a complete understanding of the impact of risks, or their drivers, on project objectives (other than 
cost, quality, and time). 

A Physics-Based Approach 

Among all the existing techniques for assessing the consequences of risks and crises, the concept of POD (Physics 
of Decision) caught our attention because it seems to address the majority of the problems we identified earlier. 
The Physics-Based Approach POD is a framework created to propose a performance management approach to 
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Figure 1. POD generic framework 

Figure 2. The description and the performance space 

decision making (Benaben et al, 2019). The basis of this framework is the causal, propagation, and decision 
chains.The thought process for creating these chains is explained in (Benaben et al, 2021) and illustrated on Figure 
1. A system is defined by these internal and external attributes named characteristics. These characteristics induce 
potentialities (risks or opportunities) in the scope of the studied system. These potentialities become actualities if 
these conditions are true. Actualities change the attributes of the system and thus its performance.

The second part of the framework is the modelling of two types of environments for a system: the description 
space and the performance space (Figure. 2). The first environment takes into account the attributes that define 
the system at each step time. The second space, the performance space, is sized using the KPI’s that we are 

interested in. Clearly, performance is a reflection of the state of the system in these specific spaces. The POD 
approach explains that there is a link (even if it is not explicit) between these two spaces. The variation of the 
attributes of the system will vary the performances of this one. In this approach, the variations of these 
characteristics are in fact the risks and opportunities that become realities, in the framework and the description 
space these potentialities are in fact forces. To analyze the variations in the performance space and to be able to 
evaluate the impact of events, we can define in these specific space target zones to be reached or areas to be 
avoided, depending on the definition of the system. In summary, risk assessment faces three main issues: taking 
into account the complexity of the system and the interdependence between risks, then taking into account the 
uncertainty and finally in project management, which is unique and finite in time, it is not possible to have 
historical data specific to our subject. For us POD can bring a light on these three steps. Firstly, concerning the 
complexity and interdependencies of the system, the use of causal chains, propagation and decision allows us to 
model these dependencies well (with the hypothesis that we know the causes and consequences of each risk). 
Then for the uncertainties and the need of historical data, we will model our system, and be able to create sensitive 
analysis on the parameters of our project. We can then model these data in the two POD spaces and analyse these 
results. With all this, it allows us to better assess the impacts of risks and therefore to bring clarity in the 
preparation phase of crises in project management domain. 
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PROPOSAL: A PROJECT MANAGEMENT PHYSICS-BASED APPROACH 

Research Assumption 

The POD approach offers an original method for decision making through performance management by modelling 
risks and opportunities as forces that influence the characteristics of a system. The goal of this research is to prove 
that the POD framework can be used and usefull in the project management field and in particular by bringing an 
answer to the evaluation of the impact of the risks (that led into crises) which it goes through. POD framework 
assumes that the link between attribute and performance space exists. This means that each change of attributes 
(due to a decision or an event) influences the KPIs and therefore the performance of the system. This framework 
is general, it has been applied in various domains (election, pandemics and supply chain) and has demonstrated 
its interest in evaluating the consequences of different events (risks and opportunities) on performance. The POD 
approach seems to be relevant to our problem of evaluating the impacts of a risks in project management, which 
is one of the missions of risk management. However, is it possible to model a project as a description space? Is it 
possible to visualize the impact of a disruptive event on its performance? 

Research Proposal 

In this section, we propose a three-step proposal. 

First step, we need to define the project to be studied and the scope. The scope will define the study scale for a 
project. We can imagine a project according to three different scopes: the operational, the organizational and the 
strategic area. 

The second step consists in defining the two specific spaces in a project management context. The first space, 
called the description space is about the characteristics of the project according to the chosen scope, and each of 
them corresponds to a dimension of this space. These characteristics must cover a maximum of data that could 
define the project. The categories of data to be collected are the technical data of the project (duration, available 
resources, link between tasks, planning...), the data corresponding to the external context of the project (political 
decisions...) and also the social and human characteristics of the project (conflicts, emotional intelligence...). 
These data are obtained initially by interviewing all the actors of the project and by reading all the project 
documents. They can be fed by the analysis of social networks or any means of collecting information. The ideal 
is to identify the characteristics that can evolve over time and that have an influence on the performance of the 
project (motivation, expertise...) The second space, called the performance space, which corresponds to the 
project’s performance, is also specific to each project. The macroscopic indicators of time, quality and budget 
usually provide a general view of the project’s progress, and these are often supplemented by more precise or 

detailed indicators, depending on the needs (delay, customer satisfaction, for example). The target areas defined 
will be the areas to be reached at the end or at the milestones of the project, they can be static or dynamic. 

Then as a third step, we propose to formalize the project according to one of the three main simulation modelling 
groups: Discrete event modeling, system dynamics or multi-agent modelling. The goal is to formalize dynamically 
the behaviour of the project using all the data collected. The output of the simulation will give us the KPIs 
variations and so the performance at each period of time. The advantage of this approach is that it does not require 
to know the general equations of the system to be modelled between the characteristics and the performances nor 
to bring exact solutions to this system of equations. 

Once the understanding of the project is established and simulated, the fourth step is to establish crisis tests to be 
defined. The result of this simulation is the creation of the project performance space. The objective of these 
simulations is to study the impact on the project performance of different potential events in order to identify those 
that could lead to a crisis situation. To carry out this analysis we make simulation campaigns. The campaigns run 
treat a great number of possible crises and allows us to understand the impact of them in our project and to quantify 
it. 

The fifth step is to visualize the performance of our system in the face of disruption. Thanks to this we have a 
clear visualization of what is happening in our system and we have a good understanding of its behavior, so it will 
be easier to implement strategies. 

The figure 3 shows the scheme of the global methodology developed. 
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Figure 3. Proposal 

EXPERIMENTATION 

After formalizing the proposal, we have chosen a case study to test and validate this method in a project 
management context. 

First step: the use-case 

Working with a group of researchers, research and development (R&D) project is a good first illustrative case. 
An R&D project is a scientific project whose goal is to provide answers to a scientific problem by carrying out a 
literature review and an experiment to prove the contribution of the results found. 

Innovative industrial Lab project 

R&D project is generally composed of four main steps: the bibliography, the proposal, the experimental work and 
the report of the research. The bibliography is a critical step because it is essential for the positioning of the 
research work and the constitution of the proposal. Moreover, this task is done by humans, it requires a lot of 
reading work and the duration of this task is very time consuming. This is why we have chosen to focus on this 
sub-project as a first illustration. The specificity of the chosen project is that it is an R&D project in a consulting 
firm, so there are interns and consultants who work within the bibliography. 

Bibliography Process 

In our industrial case, the bibliography process is defined as follows: There are three types of stakeholders working 
on the project: the scientific manager (SM: he coordinates the project, has a great expertise but does not work 
100% of his time on the project), the intern (Int: works 100% on the project, starting with an average expertise 
that increases over time), and the inter-contractors (IC: person working in the company as a consultant and 
working on R&D projects while waiting for a mission to work on). Inter-contractors are unstable resources. 
Indeed, they are there as reinforcements of the project and do not work on the project from the beginning to the 
end. They can have very diverse profiles and therefore very diverse characteristics. The project lasts in our case 
about 4 months, and an inter-contractor remains on the project about 2 to 4 weeks. These consultants have a capital 
importance because even if they remain only a few days or weeks on the project, they bring added value and help 
to the task progress. Each of human resources has its own characteristics, for example a scientific manager will 
normally be more expert than an inter-contractor, but this manager will work less time on the project whereas the 
inter-contractor or the trainee will work full time. There are three types of papers people have to read and analyse: 
PhD theses, conference papers and journal articles. Each paper has its own characteristics, a thesis will be harder 
and longer to read, but it will bring more quality to the project than a conference paper for example. After analysis, 
these sources are sorted into two piles, if they are relevant for the project or not. The tasks are shown Figure 4. 
The assumptions of the process are: 

• One paper is read by one and only one human resource;

• Every human resource has to finish his/her document in order to read an another one;

• Human resources improve their expertise as they work on the project.

138 



Clara Le Duff et al. A physics-based approach to evaluate project crisis 

Figure 4. Bibliography Tasks 

Table 1. Data of the project 

Second step: the definition of characteristics and performance indicators 

After defining the project system to study, we had to choose the data which better described it. We have chosen 
the following data: 

• a human resource has the following parameters: expertise rate, schedule;

the documents to be read have the following characteristics: reading time, quality rate. 

With the help of interview campaigns and discussions with experts we were able to define the values of some 
groups of characteristics. The "social" group (which take into account a human singularity) are 

• the reading time depending on the person;
• the quality that each person brings to the project;
• the modelling of the expertise of resources that increases over time.

For the technical characteristics the identified parameters were: 

• the find rate of each document (it corresponds to the arrival of each document on the "to be read" pile);
• the reading time of each document according to the type;
• the quality that brings each type of document read to the project;
• the flow of inter-contract on the project;
• the salaries of each human resources.

Some of these data have been modelled using distribution functions that best correspond to reality (Table 1). For 
choosing performance indicators, we have picked 3 KPIs specific to bibliography: the overall quality of the 
bibliography work, the number of relevant documents read and finally the cost generated by this process. 
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Parameters Values 

Scientific manager (SM) 1 

Inter contract (IC) Flow per week 

Intern (Int.) 1 

Article arrival rate Triangular(0.40,0.53,0.48) per day 

Paper arrival rate Triangular(1.4,1.55,1.51) per day 

Thesis arrival rate Triangular(0.4,0.5,0.45) per day 

Reading time SM / Article 1.5 hours 

Reading time SM / Paper 1 hour 

Reading time SM / Thesis 10 hours 

Reading time IC / Article 7 hours 

Reading time IC / Paper 5 hours 

Reading time IC / Thesis 20 hours 

Reading time Int. / Article 5 hours 

Reading time Int. / Paper 4 hours 

Reading time Int. / Thesis 20 hours 
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Figure 5. The picture of the model - Anylogic 

Third step: simulation of the project 

According to our proposal, the first step was to chose the type of modelling for simulation that will fit with this 
process. Three main simulation modelling paradigms have been considered : agent-based model, system dynamic 
and discrete event. Discrete event simulation is used to model an operational situation which is driven by events. 
It also captures individual variation of all parameters (Tako and Robinson, 2012). This is the chosen solution. The 
simulation was performed with the AnyLogic software. AnyLogic Process Modelling Library supports 

discrete-event, or, to be more precise, process-centric modelling paradigm. Using the Process Modeling Library 
blocks we were able to model the real-world systems in terms of units (transactions, customers, products, parts, 
vehicles, etc.), processes (sequences of operations typically involving queues, delays, resource utilization), and 
resources (Anylogic Help). The picture of the model is shown Figure 5. So we ran the simulation to get the data 
in normal conditions. We defined a target zone that represents the performance values we want to achieve at the 
end of the project. 

Table 2. Value of the target zone 

Fourth step: definition of crisis scenarios 

The goal is then to simulate events leading to a crisis in the project. We have chosen to see the impact of Covid-
19 crisis if it had appeared during this bibliography phase. The appearance of this specific crisis would have 
implied the absence of consultants on the R&D projects. Indeed, they would have been on mission at the client’s 

to help them manage the crisis. This really represents a crisis because it induces a reduction in the amount of work 
by more than 50%. We have chosen to study the behaviour of the bibliography project over 2 months and this 
disruptive event occurs after 1 month. The performance values are picked every day. 

Results 

There are many ways to visualize performance evolution. The first chosen visualization is a global one which 
represents the progress of the project each day compared to the final objective. The first trajectory generated is 
the inertia which is the reference trajectory for our study (when all goes well during the project). The result for 
the inertia trajectory is shown on Figure 6 with the green line. We defined the target zone that represents the final 
objective of the process as the grey cube on Figure 6 (value in Table 2). The disruption scenario investigated is 
shown on Figure 6 with the red line. First thing, the two trajectories are at the beginning almost the same (due to 
the distribution on function present in the simulation), and we see it is at the exact moment when the crisis appears 
that the curves move away. Also, the second trajectory, by undergoing the crisis without acting, will not reach for 
the objectives initially fixed. Finally, we notice that the quality indicators are not too much impacted. This can be 
explained simply by the fact that there were just fewer actors on the project but they were not less competent. 

The second visualization is based on a daily comparison of KPI values. The will here is to be able to compare 
daily performances of the process. The results is shown on Figure 7. 
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Parameters Values min Values max 

Quality rate (%) 60 80 

Cost of the project (k€) 15 20 

Paper read 50 60 
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Figure 6. Two point of view of the results for the cumulative performance 

Figure 7. Two point of view for the daily performance 

This visualization is a little less easy to read. The green line also represents the nominal situation, the red line 
represents the crisis scenario and the grey cube represents the target zone. The colours of the markers represent 
the evolution of time (blue the start of the project, yellow the end). In nominal operation, only 38% of the points 
are not in the target zone. For the crisis scenario, 63% of the points are not in the target zone. Moreover, thanks 
to this visualization we also notice an interesting point for the project manager. We notice that the more time goes 
by, the more the global expertise of the project increases (this is manifested by the translation of the yellow points 
towards a higher quality). In this visualization mode, however, it seems impossible to compare the two trajectories 
represented by the lines. 

CONCLUSION AND PERSPECTIVE 

About the first visualization, we notice a real difference between the two situations, we can evaluate qualitatively 
or quantitatively the gap between the two trajectories or how far we are from the target. In our case study, we can 
even see when the project starts to drift by studying the moment when the curve moves significantly away from 
"the normal". Dividing the performance into three dimensions allows us to see which indicators are going wrong. 
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About the daily view, the defined target area is a good indicator of the good progress of the project. This view 
also allows us to notice the evolution of the daily values. For example, we can see that the quality of the daily 
project is increasing (the colour gradient is moving). 

This research is only a preliminary work to show the interest of using POD in project management. We can 
imagine exploring several avenues for future research. The next step is to vary the parameters of the model using 
simulation campaign in order to get enough data to "learn" the impact of an event depending on the current 
situation of it. The analysis of these simulation campaigns using machine learning is clearly an avenue to explore 
in the future in order to detect and predict a crisis. We can then compare corrective actions and see which one is 
the most interesting. We can also be interested in identifying deviations in real time, by finding a way to read just 
the project simulation models using real data. Human behaviour is a significant parameter into projects, so another 
step can be to include more human behaviour in models and in simulation (for example the social link between 
the human that influence the project). Maybe the consideration of a nominal zone instead of a nominal trajectory 
is a good way to improve the results as well. 

Having a visualization of the situation rather than a dashboard with several indicators is something that, for us, 
allows the manager to understand and evaluate the situation of a project more The more complex and precise the 
model, the closer it will be to reality. We can therefore simulate several types of scenarios and see the impact of 
these even before they happen. 

The result mainly concerns visualization of the performance deviation due to a major disruption. We generated 
two views about the evolution. The first view may be useful in a global context of global analysis of the project 
and its objective. The second view is for a daily use and a daily comparison. 
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ABSTRACT 

In addition to their normal task of supporting community participation, engagement, and improved information 
access, information technology-based public service systems are also essential for maintaining critical services 
and providing effective communication with citizens before, during, and after emergencies. This study focuses on 
the impacts of disaster events on the operational performance of such service systems and discusses opportunities 
for managing service efficiency by rearranging and reallocating resources during emergencies. To the best of our 
knowledge, this is the first attempt to provide a practical method for improving the relative efficiency of public 
service systems in such a context. We suggest a Data Envelopment Analysis (DEA) approach for quantifying the 
relative efficiencies associated with service requests from an input-output-based standpoint, and discuss the 
Orange County (Florida) 311 non-emergency service system, in the context of the COVID-19 pandemic, as an 
example of how such operational efficiency can be managed during a disruption. 

Keywords 

Performance measurement, Efficiency, Data Envelopment Analysis, 311, Public Service. 

INTRODUCTION 

A strong motivation behind embracing the concept of ‘smart cities’ is the desire to benefit from enriched 
participatory action and engagement that can help create more livable, connected, and sustainable communities 
(Kalkanci, Rahmani, & Toktay, 2019). Governments actively develop e-government practices that offer many 
benefits such as easy and timely access, more useful information, and high-quality interactions between 
stakeholders (Yang, Kim, Nam, & Lee, 2004; Axelsson, Melin, & Lindgren, 2013). Recently, smart technologies 
implemented by governments have gained further attention in terms of their ability to maintain critical services 
and communicate with citizens before, during, and after an emergency (Pamukcu & Zobel, 2021).  

This study focuses on 311 non-emergency service systems, which provide a good example of e-government 
services that not only need to sustain their ongoing functionality but also often need to adapt that functionality in 
response to additional needs that arise during a crisis. 311 service systems are considered part of the smart city 
movement (Zobel, Baghersad, & Zhang, 2017), and they were initially created to eliminate the high numbers of 
non-emergency calls being received by 911 emergency systems (Schwester, Carrizales, & Holzer, 2009). 
Although these systems focus on non-emergency service requests, there often is still a need to respond to them 
quickly. Managing such a system therefore often requires triaging the calls and prioritizing them based on their 
urgency, in order to more effectively respond to different types of community need. Such systems support timely 
information exchange and build mutual trust between the government and the public, which allows municipalities 
to provide more effective and efficient disaster management by leveraging inputs from both groups. (O’Brien, 

2016; Pamukcu, Zobel, & Ge, 2021). 
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In this context, government organizations have the opportunity to monitor and evaluate their operational 
performance and thus to improve service provision in future emergencies (Baghersad, Zobel, & Behara, 2020). 
Considering the associated uncertainties and resource limitations, as well as the changing service needs of people 
in a crisis environment, governmental service systems often must not only maintain critical services but also add 
additional functionality to better respond to an emergency. The effectiveness of such systems at doing so can be 
assessed by considering the concept of service efficiency, which provides a good measure of performance subject 
to resource limitations. Since one would expect citizen needs during a crisis to vary across different groups and 
different locations, capturing and addressing this variability is important for improving overall performance. 

With these needs in mind, this study proposes the following research questions: 

RQ1: What are the impacts of a disaster event on the service efficiency of an information technology-based public 
service system? 

RQ2: What are the main challenges of maintaining the efficiency of a public service delivery provision in a 
coordinated system environment during a disaster? 

We seek to answer these questions by expanding on the previous research on the use of 311 non-emergency call 
systems for supporting local emergency management efforts, and by focusing, in particular, on the performance 
of the 311 system in Orange County, Florida during the COVID-19 pandemic.  

Our overall objective is to provide a practical approach for assessing the success of an information technology-
based community service system at employing new crisis-related initiatives, and to uncover opportunities for 
maintaining the associated service efficiency during emergencies. We therefore introduce a Data Envelopment 
Analysis (DEA) approach for measuring the relative efficiencies associated with different service requests.  This 
is done from an input-output-based standpoint that extends previously proposed approaches for assessing the 
efficiency of service systems.  

To the best of our knowledge, this research effort is the first attempt to quantify the relative service efficiencies 
of a public service system, with respect to requests received from different technology channels and different 
physical neighborhoods. As such, it is intended to provide government agencies with an effective means of 
enhancing their service system operations management, and addressing possible inequalities, by supporting the 
more efficient use of available service capacity. In addition, we aim to open room for further discussion about the 
potential for digital and service inequalities across communities and to uncover additional opportunities to clarify 
the factors that can lead to disparity in service delivery.  

The remainder of the paper is structured as follows: First, we provide background information about the 
functioning of 311 non-emergency service systems, as well as information about their use in disaster situations. 
We then discuss public service efficiency as a measure of service system performance. This is followed by the 
proposed Data Envelopment Analysis approach and the description of the problem context and the dataset. Finally, 
we conclude the paper by discussing how the relative efficiency quantification approach can help with effectively 
managing operational efficiency during a disastrous event, and we provide several future research directions. 

311 Non-emergency Service Systems 

Community call service systems are good examples of governmental information and communication technology 
implementations that promote coproduction by bringing government bodies and residents together to collaborate 
on maintaining the public’s well-being (O’Brien, 2016). 311 service systems are specific examples of such 
systems that were originally created to eliminate the need for processing high numbers of non-emergency calls 
within existing 911 emergency systems (Schwester et al., 2009). A 311 system is a coordinated information 
technology-based community service system that unites non-emergency service requests from multiple 
jurisdictions, thus allowing citizens to easily request a non-emergency service without needing to know the 
responsible agency. Although 311 systems were originally designed as simple call-center-based services, over 
time they have turned into multimedia hubs, municipal data sources, and community engagement tools (Samuel, 
2019). 311 services are currently available in many cities in the United States and Canada, and they usually support 
streamlining call intake by providing more automated contact options such as integrated voice response (IVR) 
technology, automated texting, web chat, and app-driven requesting options.  

Even though 311 systems are focused on handling calls for non-emergency service needs, these requests are still 
relevant during a crisis situation. In other words, even if a call itself doesn’t require an immediate emergency 

response, it may still be related to longer-term critical issues that arise in a crisis. For this reason, 311 systems 
typically need to handle significant changes in non-emergency information and service needs during disasters 
(Zobel et al., 2017; Baghersad et al., 2020; Zobel, 2021; Pamukcu et al., 2021). For example, as a result of the 
COVID-19 outbreak, many 311 systems experienced sudden peaks in complaint volumes after announcements of 
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a State of Local Emergency. These systems thus had to boost their capacities to handle the vast number of calls 
of citizens seeking help during the emergency (Sanders, 2020). In a recent study, Pamukcu and Zobel (2021) 
demonstrate the New York City 311 service system’s reactions to the COVID-19 pandemic, in particular, and 
show that 311 call data can be used to reflect variations in public responses to a severe health crisis, emphasizing 
the potential for enhancing service performance before, during, and after emergencies.  

Beyond new service needs that actively arise during a disaster, 311 systems are also helpful for collecting 
information about, or reporting on, various critical issues related to all phases of a crisis. Examples include 
requesting information about shelter availability, evacuation routes, or road closures in disaster preparation; 
reporting a power outage, damaged property, or flooding in disaster response; and requesting debris collection, 
reporting a tree blocking road or hazardous material risk in recovery from the disastrous outcomes. A good 
example of this is the use of the Orange County 311 system to collect post-hurricane services requests during the 
2004 hurricane season, when four consecutive hurricanes severely hit the Orlando metropolitan area. Since then, 
the local government of Orange County, Florida has encouraged its citizens to report any future disaster-related 
problems to the 311 Service Center (Williams, 2011; Kennedy, 2015).  

In response to the COVID-19 crisis, Orange County 311 (OC311) introduced new options under the Public Safety 
category to answer citizens’ questions about various coronavirus aid and funding opportunities, COVID-19 
testing, or vaccines. Also, OC311 processed citizen reports for incidents of businesses failing to comply with CDC 
guidelines and Emergency Executive Orders related to public gatherings and social distancing. Similarly, New 
York City asked citizens to report COVID-19 related issues such as social distancing and face-covering violations 
through their 311 system, in order to increase the City’s situational awareness and to collect timely information 
to react more quickly (Pamukcu & Zobel, 2021). Such initiatives ultimately support providing more reliable and 
timely information to the public and increase the effectiveness of the City’s response, thus making the system an 
important tool for disaster management (Pamukcu et al., 2021). 

Access to digital and traditional communication tools can be restricted in disaster situations due to disruption of 
infrastructures and services. In particular, disasters disproportionately affect different population groups and 
disadvantaged communities are generally more vulnerable to the impacts of such events. If socioeconomic factors 
restrict access to certain communication channels, this can then reduce access to community services during 
emergencies. Although 311 non-emergency call systems typically provide citizens with a range of call-based and 
web-based contact methods, there is a chance that limited access to some communication channels might lead to 
unequal access to public services and, therefore, to service inequality during a disaster. Accordingly, service 
providers should be aware of differences in neighborhoods’ service request behaviors, and their choices of contact 
methods, particularly during a crisis, in order to ensure that they are providing equitable service among requests 
from different communities and across different channels.  

Public Service Efficiency 

Disaster operations management requires methods that support quick and efficient decision-making processes to 
improve preparedness, speed, and the use of limited resources (Altay & Green, 2006). It is essential to realize that 
when a disaster occurs, numerous problems arise that must be solved in order to reestablish the normal functioning 
of the community and its systems. Uncertainties in disaster events, including their timing, severity, and impacts, 
increase the complexity of such problems and necessitate effective, efficient, and equitable emergency 
management. Public services are among the systems directly affected by disasters, and since they have already 
established high-quality communication and engagement between people and their local governments, they play 
a crucial role in collecting and assessing the information and service needs of affected populations. These systems 
need to be resilient to such events to be able to continue their critical functions, and it is important for them to try 
to maintain a reasonable level of efficiency in providing their services even when it is necessary to reallocate 
resources and extend available system capacities to do so. 

In this particular study, we operationalize efficiency as the performance indicator of a public service system that 
is prone to disruptions in its normal functioning due to a disaster. We consider service efficiency, from an input-
output perspective, as the cost of producing a given outcome (Andrews & Entwistle, 2010) representing the best 
possible allocation of resources given a set of limitations on increasing output levels (Korhonen & Syrjänen, 
2004). We develop a relative efficiency model for the coordinated 311 service system using a Data Envelopment 
Analysis approach, by defining decision-making units (DMUs) as the requests received from different 
neighborhoods via different technology channels on each day of the week.  

For the sake of simplicity, we first assume that the system uses a fixed capacity for responding to service requests, 
measured as the personnel-hours available given the staffing capacity and working hours for each day of a week. 
Many such systems will potentially have emergency plans that allow them to use extra resources to address the 
increased needs of impacted populations during crises. These additional resources will be limited, however, due 
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to physical limitations such as working space, time, or trained personnel. We will thus discuss the opportunity to 
reallocate shared resources among multiple access channels to maintain target service efficiency despite 
disruptions in service provision. Assuming that there is no notion of differential quality for completed service 
requests, we consider the number of resolved requests in a day and the average resolution time of requests as the 
outputs of interest in the 311 service system. We further consider the number of daily service requests as the 
uncontrollable input and we consider the staffing level as the controllable input of this system.  

There are multiple potential advantages of continually monitoring the service provision efficiency of coordinated 
community service systems. First, a coordinated system with multiple actors brings diverse efficiency levels, 
enabling possible improvements by benchmarking and efficiently allocating shared resources. Second, monitoring 
the changing efficiency levels of everyday operations allows identifying significant changes in performance due 
to disruptions and, therefore, brings the potential to move towards a more resilient system in terms of efficiency. 
Third, improved efficiency enables improved speed and volume in service provision. This is even more critical 
during emergencies when normal functioning of regular services should continue at the same time that service 
providers handle increased numbers of newly raised public needs. Last, but not least, monitoring the performance 
of a coordinated system enables effective cooperation between all stakeholders of the system by strengthening 
mutual trust, effective communication, and shared decision-making. 

METHODOLOGY 

Data Envelopment Analysis 

Data envelopment analysis (DEA), originally developed by Charnes et al. (1978), is a nonparametric modeling 
method that estimates the relative efficiency of a particular decision-making unit (DMU) within a group of DMUs. 
DEA can control large numbers of variables and relations using mathematical programming techniques and it 
consumes multiple inputs to produce multiple outputs (Cooper, Seiford, & Zhu, 2011).  

A simple relative efficiency model of Charnes et al. (1978) measures the relative efficiency of 𝑛 independent 
DMUs, with each consuming 𝑚 inputs to produce 𝑠 outputs. Given the input and output vectors of 
𝐷𝑀𝑈𝑑(𝑑 = 1, … , 𝑛) are denoted as 𝑋𝑗 = (𝑥1𝑗 , … , 𝑥𝑚𝑗) and 𝑌𝑗 = (𝑦1𝑗 , … , 𝑦𝑠𝑗), respectively; the basic DEA
model can be formulated as follows: 

𝑒𝑑 = 𝑀𝑎𝑥 
∑ 𝜇𝑟𝑦𝑟𝑑

𝑠
𝑟=1

∑ 𝜔𝑖𝑥𝑖𝑑
𝑚
𝑖=1

𝑠. 𝑡. 
∑ 𝜇𝑟𝑦𝑟𝑑

𝑠
𝑟=1

∑ 𝜔𝑖𝑥𝑖𝑑
𝑚
𝑖=1

≤ 1  𝑗 = 1, … , 𝑛 

 𝜇𝑟 , 𝜔𝑖  ≥ 0  𝑟 = 1, … , 𝑠 ; 𝑖 = 1, … , 𝑚 

In the above model, 𝑒𝑑 is the relative efficiency of 𝐷𝑀𝑈𝑑 , 𝜇𝑟 and 𝜔𝑖 are unknown relative weights of 𝑟𝑡ℎ output 
and 𝑖𝑡ℎ input, respectively. Model determines a set of optimal relative weights for each 𝐷𝑀𝑈𝑑(𝑑 = 1, … , 𝑛), by 
maximizing its ratio of aggregated outputs to aggregated inputs while ensuring assigning a unique efficiency ratio 
𝑒𝑑  to each 𝐷𝑀𝑈𝑑(𝑑 = 1, … , 𝑛).

The DEA method has been used extensively in operations performance evaluations, and its accuracy has been 
proven in many public and private sectors. Some examples are health care (Bahadori et al., 2016; Dimas et al., 
2012), education (Haelermans & Ruggiero, 2013), banking (Bhatia & Mahendru, 2016; Puri & Yadav, 2013), 
supply chains (Azadi et al., 2014), and transportation systems (Daraio et al., 2016; von Hirschhausen & Cullmann, 
2010), among others. For a further detailed list of examples, readers can visit an extensive review of DEA-related 
articles by Emrouznejad and Yang (2018), including theory and methodology developments since 1978. Although 
DEA is still considered a new approach in disaster analysis and management, a number of studies also have 
applied DEA for performance evaluation in this context. Wei et al. (2004), for example, proposed a DEA-related 
method to evaluate the relative severity of the impacts of natural disasters on different regions. Li et al. (2013) 
and Saharizan et al. (2018) also used the DEA method to estimate the spatial regions’ relative vulnerability to 

flooding. Klumpp et al. (2021) address the lack of in-depth efficiency research in humanitarian operations and 
present a boot-strapped DEA window analysis to assess humanitarian logistics efficiency concerning multiple 
actor levels and time series requirements. DEA has also been used in the performance evaluation of government 
emergency management services. The assessment of fire protection performance using DEA is one of these 
examples (Choi, 2005; Peng, Song, Guohui, Sen, & Heping, 2014). While Choi (2005) conducted a DEA analysis 
of fire and emergency services of Florida, Peng et al. (2014) use an international perspective to evaluate the 
relative fire protection performance of different countries.  
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The validity of the DEA approach in call center performance measurement has also been proven in the literature. 
Ducic et al. (2020) use the DEA to compare the relative efficiency of multiple contact centers of a single company 
to maintain customer satisfaction and the company’s overall efficiency. Additionally, Poykayil Jayananda 

Panicker (2002) evaluates the performance of customer service representatives in a call center using DEA. Our 
problem context differs from these studies by including a time component to account for the change in efficiency 
over time and assessing the performance of a coordinated call center responsible for connecting customers with 
multiple service agencies. 

None of these existing studies assess the relative service performance of information technology-based public 
service systems that need to persist during a disaster and help with local disaster management operations. The 
DEA approach is well suited for this because it allows for minimizing deviation from target service performance 
by modeling the reutilization of available resources during emergencies. Demonstrating this capability is very 
important from a broader disaster management perspective because it can be generalized across other systems 
such as public transportation, logistics, and healthcare, as well as to other community services that face operational 
disruptions. 

DEA implementations in the literature vary based on a system’s organizational structure. For example, Li et al. 
(2019) propose a model for a decentralized system that determines maximal efficiency scores across all DMUs 
by minimizing the total deviation through the integration of a goal programming method with the DEA approach. 
Many others have proposed a centralized DEA approach for coordinated organizational settings where the 
decision-maker seeks a collective goal rather than individual interests, and a resource allocation scheme is defined 
according to a collective objective (Fang, 2017; Fang & Li, 2015; Lozano, Villa, & Brännlund, 2009; Lozano, 
Villa, & Canca, 2011). Our study also focuses on a coordinated service system, where decisions made in 
coordination with multiple business partners and fixed resources should be efficiently allocated to multiple DMUs 
based on agreed-upon standards, and including specific system characteristics and constraints. 

Empirical Data Set: Orange County Florida 311 

Our empirical study focuses on Orange County, Florida’s 311 system. Orange County 311 (OC311) is a well-
established non-emergency service system that was initially created in 2002 as a pilot program. Since then, OC311 
has been enabling Orange County residents to get help or information about local municipal services (Pamukcu 
et al., 2021). OC311 integrates various information and communication technologies (ICTs) into its system, such 
as multiple phone and internet-based access modes, multiple language options, and additional alternative options 
for people with disabilities, in order to connect with a broadest possible range of individuals in the population.  
Service requests are initially received and processed by OC311 and then they are distributed to the various agency 
partners within Orange County in order to fulfill requests other than simple information requests. 

We were able to get access to the complete dataset of OC311 system service requests for 2017-2021, along with 
the daily staffing levels and operating hours in the main 311 service center, thanks to an ongoing partnership with 
the East Central Florida Regional Planning Council (ECFRP) and the Orange County government. This OC311 
service request data includes a pre-determined list of attributes for each entry, including the exact time of the 
service request, a detailed description of the incident category, the resolution status, the priority of the complaint, 
the contact method, and the incident coordinates, among others. A detailed list of the available attributes is 
provided by Pamukcu et al. (2021). 

In combination with the 311 dataset, the historical staffing levels and working hours will allow us to quantify the 
daily staffing capacity and the corresponding levels of service efficiency. Based on the daily call volumes, the 
response times for each request, and the average staffing capacity of the OC311 for each day of the week, we 
propose the relative efficiency model explained in detail in the following sections. Given this proposed model, we 
will then compare the relative service efficiency before and during the emergency. 

Quantifying the Service Efficiency of OC311 

As indicated above, this study proposes a DEA model to calculate the relative service efficiencies of 311 requests 
from varying intake channels in different neighborhoods of Orange County, Florida. DEA will be used as a 
performance monitoring tool to compare and analyze service efficiency for each DMU before and after the 
COVID-19 pandemic. For simplicity and to ensure a fair comparison among DMUs we only focus on information-
seeking requests, which are generally resolved within a day. We differentiate between the requests by considering 
their pre-assigned priority levels, in order to account for their relative criticality. In this way, we control requests’ 

criticality since a vast majority of information-seeking calls have the same priority label in the OC311 system. 
Furthermore, since the service capacity of each work-day differs depending on the pre-defined working hours and 
staffing levels (See Figure 1), we also control for the day of the week.  
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Figure 1. Orange County 311 – Strategic Service Capacity (from June 1st, 2020 through May 28th, 2021) 

Our decision-making units (DMUs) will be based on three categories: (1) contact type, (2) neighborhood 
(jurisdiction), and (3) day-of-week (with County Holidays accounted for). The detailed list of elements for each 
category is provided in Table 1.  

The average number of requests is the uncontrollable input of the model, and the service capacity is the 
controllable input of this model, where the service capacity can be calculated by multiplying the average daily 
staffing level times the working hours on the corresponding day of the week. The number of resolved requests  

Table 1. Orange County 311 – Selected categories for DEA analysis and detailed list of elements 

Day-of-Week Sunday, Monday, Tuesday, Wednesday, Thursday, Friday, Saturday 

Contact type Chat, Email, Mobile App, Online Requests, Phone, Voicemail 

Jurisdiction Apopka, Bay Lake, Belle Isle, Eatonville, Edgewood, Lake Buena Vista, Maitland, 
Oakland, Ocoee, Orlando, Unincorporated, Windermere, Winter Garden, Winter Park 

within a day (i.e., 24 hours) and the average resolution time are defined as the system’s outputs, where the 

resolution time of each incident can be simply calculated by subtracting incident creation time from incident 
closure time.  

Given these input and output parameters, we can formulate the efficiency measure of a specific DMU as follows: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑠𝑐𝑜𝑟𝑒𝑑 =
𝜇1(# 𝑜𝑓 𝑟𝑒𝑠𝑜𝑙𝑣𝑒𝑑 𝑟𝑒𝑞𝑢𝑒𝑠𝑡𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑎 𝑑𝑎𝑦)𝑑 + 𝜇2(𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒)𝑑 

𝜔1(𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦)𝑑 +  𝜔2(𝑑𝑎𝑖𝑙𝑦 # 𝑜𝑓 𝑟𝑒𝑞𝑢𝑒𝑠𝑡𝑠)𝑑

Proposed DEA Model 

We can now apply the DEA model to measure the relative efficiency of the different DMUs. 

Given a set of n independent DMUs, with each consuming m inputs to produce s outputs at time interval t, the 
input and output vectors of 𝐷𝑀𝑈𝑑𝑡  (d=1,…,n; t=1,…,k) are denoted as 𝑋𝑗𝑡 = (𝑥1𝑗𝑡 , … , 𝑥𝑚𝑗𝑡) and 𝑌𝑗𝑡 =

(𝑦1𝑗𝑡 , … , 𝑦𝑠𝑗𝑡), respectively. Time interval t denotes a specific time period over which the efficiency is calculated
based on 𝑋𝑗𝑡 and 𝑌𝑗𝑡. The proposed output-oriented linear model, adapted from Banker, Charnes and Cooper 
(1984), is then as follows: 

𝑒𝑑𝑡  = 𝑀𝑎𝑥 ∑ �̂�𝑟𝑦𝑟𝑑𝑡 +
𝑠

𝑟=1
𝑐𝑑𝑡
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∑ �̂�𝑟𝑦𝑟𝑗𝑡

𝑠

𝑟=1
− ∑  �̂�𝑖𝑥𝑖𝑗𝑡

𝑚

𝑖=1
+ 𝑐𝑑𝑡 ≤ 0     𝑗 = 1 , … , 𝑛

 �̂�𝑟 , �̂�𝑖  ≥ 0  𝑟 = 1, … , 𝑠 ; 𝑖 = 1, … , 𝑚  (3) 

In this linear model, 𝑒𝑑𝑡 ∈ [0,1] is the relative efficiency assigned to 𝐷𝑀𝑈𝑑𝑡. The additional constant variable 𝑐𝑑𝑡 
in the objective function allows variable returns to scale. 𝜇𝑟 and 𝜔𝑖 are the unknown relative weights of the 
𝑟𝑡ℎ  output and the 𝑖𝑡ℎ input, respectively, and the model optimizes estimates of these values for each 𝐷𝑀𝑈𝑑𝑡  in 
order to maximize the system’s efficiency. The complete DEA solves 𝑛 × 𝑘 linear programs, one for each DMU 
at each time interval.  

Solving this set of linear programs will allow us to build an efficient frontier from the relative efficiency scores 
of the different DMUs; this will allow us to identify the set of inefficient DMUs. Given the updated daily staffing 
capacities during both normal time and disaster mode, the DEA model will identify relative inefficiencies in the 
system during crisis and non-crisis time intervals. The results of non-crisis times will be compared with the 
updated efficiency scores during the disaster period, where the system experiences significant changes in 
uncontrollable input of daily number of service requests. In this way, we will be able to compare and analyze the 
deviations in individual efficiency scores as well as the change in the system’s overall efficiency. Having access 
to this information will allow the city to reevaluate its operational performance during a disaster to better prepare 
for future emergencies. The governments might already be managing such disasters well with their current 
emergency plans. However, there is always a real possibility that future crises might bring new challenges and 
complexities (the COVID-19 pandemic is an unfortunate example of this), and resource management will always 
be a crucial part of disaster operations management. This practical approach will help the city examine if there is 
room for improving service performance by reutilizing available resources among multiple operational units to 
provide efficient and equitable service to all service seekers. 

CONCLUSION 

This study emphasizes the importance of resource planning to maintain systems functioning during disasters. In 
the context of the Orange County 311 system, each incoming request needs to be processed by a human operator 
so staffing level and daily working hours determine the service capacity of the system. Although the system allows 
incident entry via multiple intake channels, each request is triaged and processed by trained 311 operators carefully 
before directing the request to the responsible agency. The efficiency in the 311 system thus affects the overall 
service performance of the systems' business partners. For this reason, cooperative emergency plans and 
coordination between partners in crisis mode are crucial for maintaining the efficiency of public service delivery 
in the collaborative system environment during a disaster. 

The findings of the proposed analysis will reveal how significant changes in service demand due to disasters might 
affect the operational efficiency of a system. Additionally, we argue that there may be a shift in the use of intake 
channels by communities due to limited access to some technology tools because disasters might disrupt 
infrastructures and services. Since disasters disproportionately affect different communities, and socio-
economically disadvantaged groups are generally more vulnerable to disasters, it may become more difficult for 
some people to use community service systems. Furthermore, the authorities may lose contact with these 
vulnerable people who often need the most help in a disaster. Therefore, a shift in use of technology channels 
during disasters might result in disparities in the service to different communities. The hope is that this research 
will help uncover opportunities to maintain and even improve target service efficiency and equity across all 
communities during emergencies by rearranging and reallocating resources and optimizing resource management 
strategies. 

As a future research direction, we plan to extend the proposed approach to address service providers’ optimal 
resource reallocation decisions. Moreover, this study can be complemented by presenting a decision support 
system to execute the relative efficiency and resource management model for strategic decision-making, 
especially for crisis times. Such a tool could provide invaluable decision support while a system has been 
struggling with numerous problems during disasters that must be resolved quickly and efficiently to reestablish 
system’s normal functioning. Another future research opportunity would be extending the relative efficiency 
model by incorporating a disaster risk factor to account for specific circumstances of disasters that might affect 
the system capacities and, therefore, the service efficiency. In this way, service agencies could also consider such 
undesired circumstances based on disaster characteristics and impact while maintaining service performance 
during the crisis period. 
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ABSTRACT

In the beginning of 2022, the world is still fighting the crisis caused by the COVID-19 o utbreak. The scientific 
community is still dedicating significant efforts to identify which are the better strategies to mitigate the pandemic 
and establish how and when to apply them. Modeling and simulation are a common method to replicate and foresee 
the behavior of the epidemic curve, but traditional analytical models are not capable to explain and reproduce the 
real evolution of the number of infections and deaths as they only concentrate in the epidemiological aspects of 
the virus. The COVID-19 crisis has an impact in all fundamental levels of society, and this is the reason why its 
modeling requires a global perspective and a holistic approach. Though the engineering scope is not common in the 
study of public health crises, this paper concludes that some engineering tools such as systems analysis and control 
theory may be the answer to build a high-fidelity model to support the decision-making facing the emergency.

Keywords

COVID-19, Crisis, Modeling, Simulation, Holistic approach

INTRODUCTION

In the very beginning of 2022, humanity is still fighting the most important public health crisis of the last years, 
the pandemic caused by the COVID-19 (OECD 2020a; OECD 2020b). At this point, it is possible to assert that 
governments have settled on an universal way to reduce the impacts of the coronavirus pandemic, placing trust 
in vaccination plans, lockdowns and simple health recommendations (Mallah et al. 2021; Alfano and Ercolano 
2020; Xing et al. 2021). An example of this is the insistent call to take booster shots of COVID-19 vaccines in 
order to contain the wave of infections of January 2022, presumably caused by the Omicron variant (Abbany 2022). 
Either by countermeasures taken or the characteristics of this variant, a far fewer number of deaths than previous 
waves has been observed in most of countries (Abbany 2022; Joly 2022). However, around 5.5 millions of deaths 
were reported in the first two years of the pandemic (WHO 2022) and the virus is still threatening the stability of 
healthcare sector (Joly 2022).

The COVID-19 outbreak forced humanity to act rapidly, even if there was not enough knowledge to make well-
informed decisions (Brinks and Ibert 2020) and, indeed, in this state of emergency, there was a necessity to act as 
no acting would have leaded to a worse situation (Nazir et al. 2021). This characteristics of urgency, uncertainty 
and threat lead the entire globe into a deep crisis that affected not only the healthcare system but also economic,
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social and political sectors (Shinde et al. 2020; de Weck et al. 2020). This means that societies, and especially 
power agents such as governments, are not trying to control a pure health crisis, but a systemic crisis that requires 
an holistic approach to respond to (de Weck et al. 2020).

Therefore, as the pandemic is still threatening society and the crisis withstand all countermeasures applied until 
present, it is completely necessary to find tools that allow scientists to propose the best alternatives facing public 
health crises. Modeling and simulation has been proven to satisfactorily replicate and predict the behavior of 
complex systems (Abhishek et al. 2012; Batstone et al. 2002), and during these last years, as a result of the 
COVID-19 outbreak, different models have been proposed to reproduce the behavior of specific aspects of the 
pandemic in order to understand the occurring phenomenon (Chen, Rui, et al. 2020; Arino and Portet 2020; de 
Weck et al. 2020). However, most of proposed models focus on its epidemiological characteristics and omit the real 
range of the crisis, where social and economic factors are closely involved.

For this reason, this paper has the purpose to contend the necessity of using systemic and holistic model-based 
approaches, not only to confront the current crisis but also to aid informed decision-making for future public health 
events. After this introduction the current modeling for the COVID-19 crisis is presented. In the next section, some 
advantages of using systems engineering methods are identified to generate a more realistic model of the pandemic, 
and the possibility to call systems analysis and control theory concepts is contended to better visualize the crisis. 
The last section proposes a discussion and recommendations for future works.

THE MODELS FOR THE CRISIS

Modeling and simulation are tools currently in use when studying the COVID-19, as they may be able to replicate the 
behavior of different variables involved in its corresponding epidemiology, such as the dynamics of the transmission 
of the virus or its mortality. This reproduction helps scientists and governments to predict the progress of the virus 
in the population over time, and so, it supports the decision-making facing the emergency. In this order of ideas, 
models are potentially useful to anticipate infection waves and new focal points, and they can help authorities to 
create strategies to limit the propagation of the disease, for example, imposing lockdowns or individual quarantines, 
limiting the transit in borders and airports or redistributing the available vaccine doses.

Current models of the pandemic are based on both medical and non-medical parameters (Shinde et al. 2020). For 
example, the medical parameters are several statistical and epidemiological indicators such as the transmissibility of 
the virus, the incubation period, proportion of asymptomatic infections and virus lifespan (Shinde et al. 2020; Chen, 
Rui, et al. 2020; Arino and Portet 2020). On the other hand, among the non-medical parameters, it is possible to 
find geographical statistics and demographic data, such as population, birth and death rates, age and gender (Shinde 
et al. 2020; Chen, Rui, et al. 2020). Even if there are several parameters that can be easily identified when building 
a pandemic model, there are many other hidden factors that may strongly affect the transmission or mortality of the 
virus, and this is the main reason why the behavior of the COVID-19 should be observed from a holistic approach.

The complexity of the pandemic

There are numerous reasons why the evolution of a pandemic is difficult to model and fo resee. First, the measures 
taken by the governments and the appearance of novel variants of the virus cause variations in the infections rate, 
therefore, the transmissibility of the disease is not constant over time (Alfano and Ercolano 2020; Xing et al. 2021; 
Chowdhury et al. 2020). On the other hand, economic, social, cultural and political factors may be involved in the 
strategies proposed by authorities confronting the crisis. For instance, even if the imposition of general quarantines 
proved to be an effective way to reduce the transmission of the virus among people (Alfano and Ercolano 2020), 
the implementation of long lockdowns is an inviable alternative due to large costs not related to epidemiological 
factors, as it causes huge economic loses and several social and psychological problems in medium and long term 
(Michalski 2021; Brooks et al. 2020).

Furthermore, some cultural, demographic and social aspects may play an important role in the transmission of the 
virus (Bayeh et al. 2021). Cultural practices and habits, such as the population beliefs, the gender roles and the 
discipline and obedience of people, may influence the infectious r ate. In the present pandemic, more men than 
women have been hospitalized or have died by COVID-19 related causes (Cañelles López et al. 2021; Jin et al. 
2020), and some authors propose that the difference of severity and mortality rates between men and women may 
correspond to gendered behavioral aspects and gender-segregated occupations and not to pure biological factors 
(Galasso et al. 2020; Shattuck-Heidorn et al. 2020). In the same way, populations with psychological predispositions 
to reject scientific researches suffer bigger risks of aggravation of the emergency (Bayeh et al. 2021).

Mathematical and data science techniques are largely employed to predict the progress of the pandemic and, 
certainly, the sources and amounts of data collected have an important role in forecasting (Shinde et al. 2020). On
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the basis of analytical approaches, different mathematical models have been proposed to replicate the evolution of
the number of infections over time, for example, the Bats-Hosts-Reservoir-People (BHRP) model, simplified to
Reservoir-People (RP) model, which is expressed in six differential equations (Chen, Rui, et al. 2020), and the
computational model on COVID-19 based on cellular automata (Ghosh and Bhattacharya 2021). However, the
main issue that we found is that most of traditional approaches used today do not fit the reality as expected since
they usually concentrate only on the epidemiological aspects of the disease.

The suitability of a traditional model

In order to analyze the reliability and suitability of traditional analytical models, we tested the BHRP transmission
network model, proposed by Chen, Rui, et al. 2020, since it is one of the nine most commonly used models based
on mathematical implementations (AlArjani et al. 2022) and it is an extension of another traditional compartmental
model in epidemiology, the Susceptible–Infectious–Recovered (SIR) model (Chen, Leung, et al. 2014). The major
contribution of this approach stands in the consideration of the complete transmission route from the bats to the
people through the seafood market in Wuhan, China (Chen, Rui, et al. 2020), though the model was simplified into
a RP model and normalized in order to explore it more clearly. Afterwards, the normalized RP model can be used
to calculate the basic reproduction number 𝑅0 to evaluate the transmissibility of the SARS-COV2 (Chen, Rui, et al.
2020). This model is also capable to estimate and reproduce the dynamic of transmission of the virus by introducing
several epidemiological parameters: Incubation period, duration of symptoms, fraction of asymptomatic infections
and lifespan of the virus in the reservoir. A population and its birth and death rates are also required to perform a
simulation.
In order to test the model, we collected the data of the epidemic curve of Bogota, Colombia, from February 26th,
2020, date of the first reported case in the city, to June 5th, 2020 (SALUDATA 2021). The sample frequency of the
data is 1 day. The epidemic curve and the date of the implementation of the first lockdown, on March 25th, 2020,
are shown in figure 1. Following the method and the parameter values suggested in Chen, Rui, et al. 2020, two
curve fitting processes using the method of least squares were performed to estimate the value of the normalized
diffusion rate of the virus. A simulation for each curve fitting result was carried out with a step time of 1 day. To do
so, and in order to soften the abrupt changes in the epidemic curve, real data was processed by calculating, for each
sample, the average of the number of new symptomatic cases of three days, as shown in equation 1, where ¤𝐼 is the
number of new symptomatic cases in the day 𝑖 after the detection of the first symptomatic case. At first, processed
real data from February 26th, 2020 to April 16th, 2020 were used to do the curve fitting. In a second case, processed
real data from April 17th, 2020 to June 5th, 2020 were used to perform the same procedure. The corresponding
simulation results are shown in figures 2 and 3.

¤𝐼𝑖 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 =


¤𝐼𝑖 𝑟𝑒𝑎𝑙 , 𝑖 = 0
( ¤𝐼𝑖−1 𝑟𝑒𝑎𝑙 + ¤𝐼𝑖 𝑟𝑒𝑎𝑙)/2, 𝑖 = 1
(∑𝑖

𝑘=𝑖−2
¤𝐼𝑘 𝑟𝑒𝑎𝑙)/3, 𝑖 > 1

𝑖 ∈ {N ∪ 0} (1)
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Figure 1. Curve of new symptomatic cases per day in Bogota from February 26th, 2020 to June 5th, 2020

The first round of simulation, where the normalized diffusion rate of the virus was estimated using the processed real 
data of the first 50 days of epidemic, resulted in a simulated behavior completely distant from reality. According to
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the simulation, we found that, on June 5th, health authorities should have detected 5,156 new symptomatic cases, but
in fact, there were 542 new symptomatic cases reported in Bogota on that day. This discrepancy may be explained
by the omission of the lockdown imposed in the city 28 days after the detection of the first infected person, as this
probably caused an overestimation of the transmissibility of the disease in the model. This was the reason why a
second estimation of the normalized diffusion rate was needed, using the epidemic curve a few weeks after the
lockdown was declared, in order to perform a second simulation.
In the second round, the normalized diffusion rate of the virus was estimated using the processed real data from the
day 51 to the day 100 after the first reported case on February 26th, 2020. This time simulation fit better the real
new symptomatic cases over all the 100 days of data collected. Therefore, it was possible to notice that the model
would be able to predict the evolution of the epidemic curve, at least, in short term. This was confirmed when the
simulation was extended 15 days more, where the simulated data estimate 1,493 new symptomatic cases on June
20th, 2020, and real data shows 1,397 new symptomatic cases in the city on the same date (SALUDATA 2021), i.e.
on that day we found a discrepancy of 96 cases, or 6.9%. Nevertheless, when extending the simulation 15 days
more, or 30 days in total until July 5th, 2020, we clashed with a divergence of 1219 cases, or 65,6%, as simulation
estimates 3,076 new symptomatic cases, whereas there were in fact 1,857 new symptomatic cases on that day in
Bogota (SALUDATA 2021).

Feb
 2

6

M
ar

 0
4

M
ar

 1
1

M
ar

 1
8

M
ar

 2
5

Apr
 0

1

Apr
 0

8

Apr
 1

5

Time 2020   

-20

0

20

40

60

80

100

120

140

160

N
ew

 c
as

es

New sympthomatic cases in Bogota

Real data
Simulation
Lockdown implementation

(a) Simulation over the days used to perform curve fitting
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(b) Simulation over all the data collected

Figure 2. Simulation of the BHRP model using data of the first 50 days of pandemic to perform the estimation of
the normalized diffusion rate
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Figure 3. Simulation of the BHRP model using data from the day 51 to day 100 of pandemic to perform the
estimation of the normalized diffusion rate

It is possible to identify the reasons why the model cannot foresee the evolution of the infection rate in the medium 
and long term. First, the diffusion rate of the virus is treated as a constant while, as it was established in the
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previous subsection, the transmissibility of the disease is variable over time due to the health strategies introduced
by governments. On the other hand, the virus itself does not remain invariant in time. So far, 12 variants of the
SARS-COV2 have been detected and classified (CDC 2021b), each one having its own infection ability and mortality
(CDC 2021b). Likewise, the complexity of real relationships was completely omitted in the BHRP model. Overall,
this kind of traditional mathematical models, rather usual in the study of the COVID-19 pandemic (Shinde et al.
2020; Chen, Rui, et al. 2020; Arino and Portet 2020), are very limited and do not fulfill the fidelity expectations to
support the decision-making facing the current crisis.

SYSTEMIC APPROACH OF THE PANDEMIC

After the explanation of the current crisis and the formulation of the problem, it is possible to identify three main
characteristics of COVID-19 emergency. To begin with, it exhibit a global impact (de Weck et al. 2020), where
society find itself out of normal functioning in all essential levels, i.e. in social, economic and heath systems (de
Weck et al. 2020; Brinks and Ibert 2020). In addition, there is a strong intrinsic feedback delay when fighting the
spreading of the disease, as the virus cannot be detected during its incubation period (Winkelhake 2021), and the
strategies deployed by authorities are often centered in mitigating health issues in short term due to the necessity
to respond urgently, omitting medium-term and long-term consequences (Simon et al. 2021; Brooks et al. 2020;
Michalski 2021). Moreover, there is also a strong uncertainty bound to the nature of the crisis, as the portion of
infections that were not detected by the healthcare authorities is considerably large, around 75% (95% CI1, 70.6% -
78.7%) in the U.S. until November 2021 (CDC 2021a). Likewise, uncertainty is bound to the complexity of the
human behavior and social relationships (Bayeh et al. 2021).

Consequently, in order to move towards an approach capable of replicating the first of the three characteristics
of the crisis mentioned previously, i.e., its global impact, it is necessary to construct a holistic framework that
takes into account all the involved forming components of society. In this sense, de Weck et al. 2020 managed to
identify that there are five primary systems are involved in the COVID-19 pandemic: Biological system, social
system, healthcare system, political system and economic system. Indeed, interactions between them must be
equally considered. As it was stated in the previous section, models are hardly realistic whether they only consider
the biological characteristics of the disease, that is to say, its epidemiology. Additionally, government decisions and
economy play an important role in the evolution of the epidemic (Alfano and Ercolano 2020; Chowdhury et al.
2020). Taking into account the previous conceptions, a global framework is proposed in figure 4. This holistic
approach derives into a system-of-systems that allows the model to be more loyal and closer to reality.

Global system

Biological
system

Social
system

Economic
system

Political
system

Healthcare
system

WorkforceProducts and
services

Supplies

Resources

Spreading
means

HostsVariants

Virus

Health recommendations

Infected people

Cured people

Health
strategies

Economic
strategies

Feedback Feedback

Death people

Figure 4. Holistic approach of the crisis, based on the work of de Weck et al. 2020.

The presented framework implies that the crisis encompasses five different sub-systems, complex interactions,
internal feedback loops and a distributed behavior. This ensemble of properties, in turn, indicates that the COVID-19
pandemic should be treated as a complex system. On the other hand, analytical approaches require a prior complete
understanding of the system since, to apply them, a detailed description of the behavior of each involved element is
needed (Aziza et al. 2016). Then, it is possible to realize that pure analytical modeling would not be an advantageous

1Confidence interval
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method to model the pandemic. However, systems engineering, and more specifically, systemic approaches may
provide the most appropriate modeling methods to reproduce the behavior of the emergency (de Weck et al. 2020),
as they are capable to represent a large number of nonlinear interactions, guided by objectives and not by details
(Aziza et al. 2016).

Otherwise, it is also necessary to contend with the existing feedback loop delays and the uncertainties inherent to
the crisis. Alone, in its fundamental behavior, the pandemic acts like an unstable open-loop system that grows
exponentially (Stewart et al. 2020). However, when infections are detected and health strategies are implemented,
the pandemic can be seen as a traditional control system of which feedback signal and control signal are the number
of new infections and the countermeasures, respectively. Moreover, control engineering methods are already in use
in the containment of the pandemic, for example, when authorities declare a lockdown after the basic reproduction
number 𝑅0 reaches a threshold (BBC Mundo 2020), resembling an on-off control system. Fortunately, as many
other systems, pandemics can be stabilized and controlled (Stewart et al. 2020).

On the other hand, regarding the mitigation plans for the COVID-19 pandemic, control theory may provide
interesting approaches to respond to the crisis. According to the proposed holistic approach, there are two main
feedback signals that authorities use to conceive and introduce health and economic strategies: public health and
economic indicators. These feedback signals may have a delay caused by the nature of the crisis, as established in
the beginning of this section. Compensating delayed feedback requires prediction, and in order to contend with
it, predictive control methods, such as the Smith predictor and the Kalman filter, may be profitable (Frank 2018).
Likewise, uncertainty can be reduced with predictive control methods, since they can estimate the non-observed
variables of the system, and also with adaptive control methods, as they can adapt to different variations on the
pandemic parameters over time.

CONCLUSIONS

After contemplating the way the COVID-19 pandemic has been modeled, this paper highlights the need to develop
more realistic models to find effective strategies to mitigate the spread of the disease. The imposition of strong
health policies led to serious economic impacts in a short time, which caused the deterioration of other forming
aspects of society. Consequently, the pandemic requires a systemic approach that considers the different sectors as
a whole system in order to understand its multi-level structure, feedback loops and distributed decision-making.
This paper is part of a work in progress, and indeed, there are several elements in this analysis that require further
elaboration. However, different tools such as systemic approaches, high-complex systems analysis and control
theory may be truly useful to understand and model the occurring phenomena, and likewise, systems and control
engineering may have an important role to face and mitigate the crisis.
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ABSTRACT

Offshore wind farms in the German North and Baltic Seas have a key role to play in the context of the shift towards
renewable energy and in securing electricity supplies in the future. At the same time, however, shipping routes in
the North and Baltic Seas are among the busiest in the world, wind farms are increasingly being operated unmanned
and conflicts increasingly involve a hybrid element. From these constellations and competing interests, various
risk and threat scenarios emerge. By means of a survey among experts from offshore wind industry, this paper
first captures the subjective assessment of the risk situation in order to subsequently develop an approach for their
evaluation. The paper uses Bayesian networks in order to enable a risk assessment also under inclusion of uncertain
parameters.
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INTRODUCTION

Nowadays, both the North and the Baltic Sea rank among the most frequented maritime shipping routes worldwide.
At the same time, competing economic and ecological interests, e.g. the expansion of wind energy, undersea cable
and pipeline routes, fishing activities, and raw material extraction, are creating lines of conflict. In the future, a
further intensification of utilization is foreseeable due to the planned, considerable expansion of offshore wind farms
(Deutsche WindGuard GmbH 2020), the further increase of maritime traffic as well as novel approaches such as
the proposed hydrogen hub in the German sector of the North Sea. Especially for the reliable supply of economy
and society with energy generated from renewable sources, the consideration of the infrastructures emerging in
the offshore area as well as their safety and security is therefore of considerable relevance. The expansion of
offshore power generation leads to a centralization of the grid infrastructure, singular connection systems located
on offshore platform already reach transmission capacities of 900 MW, in the following generation capacities up
to 2,000 MW connection capacity are conceptualized and planned (Bundesnetzagentur fuer Elektrizitaet; Gas;
Telekommunikation; Post und Eisenbahnen 2022).
At the same time, a diversification of threats and risks has been evident in the safety and security domain for years.
Not only new threats have emerged in the cyber space (Kulev et al. 2019), but also the concept of hybrid threats
has gained significance, especially in the maritime environment (Savolainen et al. 2019). The spatially wide
distribution and open accessibility of infrastructures in the offshore area as well as the difficulties in the complete
control of these zones in combination with long intervention times result in special threat and risk potentials and
challenges for infrastructure safety and security.
Against the background of the increasing importance of the offshore wind energy infrastructure, especially for
securing electricity supply, the research project ARROWS aims at investigating which threats and risks exist for
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the offshore wind farms and how they can be analyzed and assessed. The aim of the project is to provide reliable
assessments of the risk and threat situation and to propose situation-specific safety and security measures on this
basis as well as to be able to prove their effectiveness in principle.
As part of the research activities underlying this paper, it will be explored which scenarios are relevant for the
safety and security of offshore wind farms. Following this, an approach for the assessment of threat or risk for the
identified scenarios is to be developed. The paper in this respect focuses on a survey conducted for this purpose
among professionals and experts with operational experience in the offshore wind industry and the analysis of this
survey to determine which scenarios are particularly relevant for the safety or security of offshore wind farms (c.f.
section Threat and Risk Scenarios). Furthermore, the paper outlines how process flow and Bayesian networks are
developed based on the survey results in order to be able to use them as a probabilistic assessment tool (c.f. section
Threat and risk assessment approach). A case study concludes the paper by demonstrating the basic usability of
the proposed approach (c.f. section Outlook).

METHODOLOGY

The following section of the paper describes the development and procedure of the survey as well as the population
surveyed, followed by a description of the process used for analyzing the data collected. It then introduces the
approach used to develop the qualitative process models and to derive meaningful Bayesian networks from them.
Figure 1 shows the approach applied for scenario development.

Figure 1. Proposed method for developing an approach for situation-specific risk/threat analysis

Survey Preparation and conduction

The primary data source for the collection of threat and risk scenarios that was used for this research is a survey
of employees and managerial staff in the offshore wind industry. The questionnaire for this was designed as a
semi-open questionnaire to be conducted without supervision. It is divided into the basic statistical questions, a
section on the assessment of threats to offshore wind farms and the preparation against these threats, e.g. through
safety measures and the criticality of individual components, as well as supplementary questions on events or
exercises that have been carried out in the past. The questions are predominantly designed as semi-open or closed
questions in order to be able to investigate the topic in more depth. Only a small proportion of the questions were
formulated as open questions in order to exploratively examine specific aspects of the topic. The target group of the
survey was employees with practical work experience who were already working on the platforms at the time of the
survey or who had worked offshore on the wind farms in the recent past. Explicitly excluded from the target group
were purely onshore-based employees of the respective companies. The survey was conducted primarily among
employees of German companies, although the nationality of the respondents was not included for data protection
reasons. For this reason, it is not possible to make a valid statement about the represenatativity of the selection of
respondents.
The survey was sent to the participants as an online survey and took place in the period from April to May 2021.
In total, the questionnaire was sent to 66 potential participants, 31 of which were returned with a response. The
responses received to the surveys were first anonymized in the course of the analysis - for this purpose, e.g. company
or specific location names were anonymized. The results obtained in this way were subsequently smoothed, i.e.
questions that were not answered unambiguously or in a way that could not be evaluated were removed from the
data set. The following evaluation of the survey was carried out for the quantitative questions with SPSS, for the
qualitative or free-text answers and comments with the MaxQDA software for qualitative content analysis.

Process model development

An adaptation of the Functional Resonance Analysis Method (FRAM) will be used as the approach to modeling
the processes. Hollnagel introduced the technique in the book “FRAM, the functional resonance analysis method:
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Table 1. Description of the aspects according to (Hollnagel.2012)

Aspect Abbr. Describtion Obligatory?

Time T Temporal aspects like start and end times or durations.
Temporal aspects can also be considered under the aspects
resource or precondition.

Control C The object/procedure that monitors/controls the function.
That could be e. g. a plan or instructions.

X

Output O Describes the result of a function. The output can be
material, energetic, or informational.

X

Resource R What is necessary that the function can take place? Re-
sources include materials, energy, information, skills,
software, or labour.

Precondition P Requirements that needs to be done/ present that the
function can take place.

Input I The input starts or activates the function. An input can be
material, energetic or informative.

X

modelling complex socio-technical systems”. The FRAM was designed to be applied specifically to socio-technical
systems because these are difficult to accurately model (Hollnagel 2012). The goal of a FRAM is to represent
complex systems and “systems of systems”. According to Hollnagel, a FRAM does not rely on an “abstraction level”
(Hollnagel 2016) because it does not model the components themselves. Instead, what is modeled is what the
components are supposed to do (Hollnagel 2016). Thus, a FRAM consists of functions and aspects. The functions
describe one or more activities that are necessary to achieve a defined goal or a step of the process. The function of
a FRAM is represented as a hexagon (c.f. Figure 2). The aspects show what circumstances are necessary for the
function to take place. (Hollnagel 2012) The aspects are described in Table 1.

The foundation for a FRAM can either be an event description or a Hierarchical task analysis (HTA). Event
descriptions are often used in case that a certain, past event should be studied, whereas the HTA allows to break
an entire task into sub-tasks until an elementary level of tasks is reached (Hollnagel 2012). For the resonable
development of an entire FRAM four steps are required. In the beginning the “identification and description
of function” takes place. The next steps are the “identification of variability” and the “grouping of variability”
followed by the “consequences of analysis” (Hollnagel 2012). For this paper the authors operate with frist of
the steps, the identification and description of the functions. The FRAM for the scenarios described in section
Definition of relevant scenarios can be seen in Figure 10.

Figure 2. An abstract function with all aspects included

Transfer into Bayesian networks

Methods already exist to develop a Bayesian network (BN) based on a qualitative model providing the starting
basis. The development process can be distinguished into the construction and the parametrization. During the
construction, nodes and edges are created, as Baysian networks are directed acyclic graph models. Nodes may
include information about events, results or consequences. They can be determined either cased on a qualitative
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risk assessment or process model. When a FRAM is used as the starting point, the functions and aspects simply
have to be translated into nodes and the arrows connecting the FRAM functions to be translated into edges. The
edges now represent the dependencies of the nodes, whereas the nodes can be connected either serial, convergent or
divergent. When all required nodes and edges are connected, the network structure is defined. The second step
of the construction is to define the hypotheses of the nodes. The hypotheses define the several states a node can
assume. The subsequent step is the parametrization of each node respective it´s individual hypotheses. Therefore it
needs to be divided between root nodes (nodes without parent nodes) and inner nodes (nodes with parent nodes).
For root nodes, the availability of a-priori probabilities is a necessary requirement. For inner nodes conditional
probabilities can be determinded, thereby the conditional probabilities depend on the parent node(s). Therefore the
node 𝐾 with the event 𝐸 and the hypotheses 𝐾 𝑗 has to be considered. The Bayesian formula can be seen in the
following equation. For root as well as inner nodes the sum of the probabilities per node needs to be equal to 1. The
different conditional probabilities for each state of the nodes are recorded in the transfer matrices. They need to
include every hypotheses of the connected nodes.

𝑃(𝐾 𝑗 |𝐸) =
𝑃(𝐸 |𝐾 𝑗 ) · 𝑃(𝐾 𝑗 )∑𝑛
𝑗=1 𝑃(𝐸 |𝐾 𝑗 ) · 𝑃(𝐾 𝑗 )

(1)

In the end of the parametrization of the Bayesian network the assignment of the 𝜋−, _− and BEL-vectors takes
place. For the calculation of the outcome of such a network, the aforementioned probabilities are used. The vectors
can be used to determine the evidences and the confidence values of the nodes. The definition of the values are
shown in the following equation.

𝜋(𝐾 𝑗 ) = 𝑃(𝐾 𝑗 ) _(𝐾 𝑗 ) = 𝑃(𝐸 |𝐾 𝑗 ) 𝐵𝐸𝐿 (𝐾 𝑗 ) = 𝑃(𝐾 𝑗 |𝐸) with
ℎ∑︁
𝑖=1

𝐵𝐸𝐿 (𝐾𝑖) = 1 (2)

Bayesian networks belong to the quantitative risk assessment methods. Therefore it is possible to not only roughly
estimate the probability of an occurrence of an event. Instead it is possible to determine a concrete probability for
the occurrence of the scenario (c.f. section Introduction). Furthermore when the network structure is developed,
it is possible to set observed parameters like wave height as fixed parameters and abductive as well deductive
conclusions can be drawn on unknown or unobservable parameters. Also it is possible to update the probabilities of
individual nodes and thus adapt the network to changes in the underlying process or scenario. A further advantage
of Bayesian networks is that also uncertain or incomplete knowledge can be included in the Bayesian networks.
Through the use of a graphical interface, the user is able to quickly learn about (in)dependencies of the processes or
infrastructure modelled.

THREAT AND RISK SCENARIOS

In the following section, the survey results are analyzed and discussed in some detail, as well as the survey results
are assessed with regard to relevant scenarios. Based on these survey results, the most relevant scenarios with
regard to risks and threats to offshore wind farms are elaborated as qualitative scenario descriptions, which in turn
form the basis for the process and probabilistic modeling.

Survey results and assessment

In the course of the survey, 31 valid returned questionnaires were received, which corresponds to a response rate
of 46.97 percent. In these questionnaires, there were a few questions that were not answered, but by marking the
number of participants (n) on each question, no data sets had to be completely excluded, but could be at least
partially evaluated. Due to the number and sample of participants in relation to the unknown composition of all
people working in the offshore sector, the survey does not claim to be representative. Nevertheless, it does provide
previously unavailable insights into relevant threat and risk scenarios and their perceptions as a starting point for
modeling the risk assessment of the fairly young offshore wind energy sector.
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Figure 3. Distribution of professional activities of survey participants, multiple answers possible

The 31 participants are distributed over almost all professions and positions to be found in the offshore wind sector
(c.f. Figure 3). Due to the possibility of multiple answers, a total of 71 answers were given, which corresponds to
an average of 2.29 answers per person. This indicates that it is relatively common for a single person in the offshore
sector to have more than one role on the same time.
The vast majority of respondents reported 5-10 years of work experience in the offshore sector (c.f. Figure 4). Only
a very small proportion of people have been working in the offshore wind industry for more than 10 years, which
seems logical considering the expansion of offshore wind farms in Germany, which has only been accelerated since
the 2010s. Corresponding to the mostly few years of professional experience of the interviewees, a large part of the
surveyed individuals also classify themselves as having good or even very good knowledge regarding safety and
security in the offshore wind industry (c.f. Figure 5).

Figure 4. Distribution of professional experience in
offshore wind of survey participants, n=31

Figure 5. Distribution for self-assessment safety/secu-
rity knowledge offshore wind, n=31

Within the next block of questions, the focus was on threat and risk scenarios and particularly vulnerable components
of the offshore platforms. Around 43 percent of respondents assume that an event will occur once every five years
that could seriously affect the functioning of offshore wind platforms or the provision of their core service, the
supply of electricity to onshore. Only a very small percentage of respondents expect a recurrence period of more
than twenty years; the majority of respondents expect significantly shorter periods. In this regard, the mean value of
the expected return period is around 11. 5 years, with a standard deviation of around 8. 5 years (c.f. Figure 6).
It is important to note here that the question did not ask about the probability of occurrence of a single event (e.g., a
collision), but rather sought to capture the totality of all potentially critical events due to the way the question was
formulated.
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Figure 6. Estimation of probability for occurrence of an event resulting in serious functional impairments, n=31

In order to further explore these replies, an open question was then asked about the most relevant, current threats
or risksto offshore wind farms. The qualitative analysis, after clustering and categorizing the answers received,
produced the following result:

Table 2. Qualitative analysis on the perception of currently most relevant threats and risks for offshore wind farms

Risk or Threat scenario Number of mentions

Cyberattacks 9
Technical failure/Poor maintenance 6

Natural hazards/Extreme weather 7
Terrorism 10
Sabotage 6

Human error/Organizational shortcomings 6
Collision with ships 9

Helicopter incidents/Fire on platform 4

It can be seen that a large proportion of respondents perceive intentional, man-made threats (terrorism and
cyberterrorism) as particularly threatening and relevant, as do accidental hazards (ship collisions). Threats and risks
from natural hazards (extreme weather events) rank behind these. Particularly noteworthy is the fact that workplace
accidents or hazards due to poor organization tend to be mentioned comparatively less frequently, although the
statistics on injuries or fatalities in the offshore sector show that a large proportion of injuries or fatalities result
from workplace accidents and that, by contrast, no fatalities from collisions or attacks have been reported in the
relevant databases. Accordingly, only 19.4 percent of respondents were able to report relevant events related to
safety or security from the past ten years. Among these incidents are several collisions with ships, one incident of
sabotage and one cyber attack.
In contrast, the percentage of respondents who believe that the wind farms or platforms are inadequately prepared to
deal with the threats is more than 60 percent (c.f. Figure 7). In a cross-analysis of employee function and perception
of preparedness, it appears that the majority of executives believe that the platforms are well prepared, whereas
the majority of staff members believe that they are not well prepared. In order to check and deepen the findings
from the responses, a closed question was used to determine how well the overall and the respective companies’
preparation is assessed based on incident response and contingency plans and documents. The results show that the
majority of respondents consider there to be at least limited inadequacies in the pre-planning for critical incidents.
However, only a small proportion of respondents believe that the overall pre-planning is not sufficient at all. Here,
again, the aforementioned pattern is evident, with executives tending to assume that preplanning is adequate or
that it could only be improved in certain areas, whereas employees express a much more critical view of incident
response pre-planning (c.f. Figure 8). There is no discernible difference between the general assessment and the
assessment for the respective company in the responses.
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Figure 7. Distribution of assessment regarding ade-
quacy of preparation of offshore wind farms to face
risks and hazards, n=31

Figure 8. Distribution of assessment of company’s
preparedness towards incidents considering existing
contingency plans, n=31

Regarding particularly critical or vulnerable infrastructure components, participants were asked whether there are
any elements in the wind farm or on the platforms that are considered particularly critical for the functionality and
provision of its core services. For this purpose, a semi-open question was asked, which allowed multiple answers as
well as own supplements. The answers received largely correspond to the findings in literature, since the control
systems and software and the control room in particular are regarded as critical elements. In addition, the cooling
system for the substation as well as the transformers as core elements of the platforms and the junction of the cables
leaving the wind farm were frequently mentioned as vulnerable elements. Systems for fire protection or for the
self-supply of the platform with energy as well as the basic structure and its integrity and accessibility, on the other
hand, seem to play a subordinate role (c.f. Figure 9).

Figure 9. Distribution of the assessment of critical or vulnerable areas and components of a platform, multiple
answers possible

To conclude the questionnaire, it was asked whether and with what regularity emergency drills are held and with
which stakeholders closer cooperation takes place for this purpose. The results revealed that less than ten percent of
the respondents were aware that an exercise had taken place at offshore facilities in which emergency scenarios
had been practiced in cooperation with emergency response authorities beyond the scope of the respondent’s own
company. This is also reflected in the fact that 51 percent of respondents state that existing emergency plans
are not exercised at all or are exercised only irregularly and at intervals exceeding one year. This is supported
by the stakeholders involved in the exercises in all cases. Medical care providers on the offshore platforms (18
mentions) and helicopter operators (15 mentions) were frequently mentioned, as was the Federal Maritime and
Hydrographic Agency of Germany (15 mentions) as the responsible regulatory authority. Following far behind, the
German Maritime Search and Rescue Service (10 mentions) and the Central Command for Maritime Emergencies
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Germany (9 mentions) as well as the Federal Police (6 mentions) were named as institutions responsible for maritime
emergency response.

Definition of relevant scenarios

Despite the limited total number of responses, the answers to the questions on relevant risk and threat scenarios
in particular allow initial findings to be derived and the individual scenarios named by the people surveyed to be
grouped and categorized. Two main sets of scenarios can be abstracted from the results of the survey. On the one
hand, there are man-made and deliberately induced threats such as terrorism, cyber attacks and sabotage by internal
or external perpetrators. On the other hand there are man-made but unintentional risks due to incidents such as
ships adrift without being able to maneuver or human and technical failures. An exemplary scenario is derived from
each of the two scenario groups in order to be able to investigate the applicability of the modeling approach to one
statistically graspable accident scenario and one statistically difficult to represent attack scenario. Based on this
hypothesis, the following qualitative descriptions of scenarios are defined.

Scenario 1: Ship drifting in waterway

A vessel anchored at deep-water anchorage in German Bight starts drifting during a storm because the anchors
do not provide sufficient mooring. In accordance with the incident response plans, measures are initiated by the
Maritime Traffic Control Center as well as the Central Command for Maritime Emergencies Germany to secure the
vessel before it can become stranded on the coast or enter a wind farm area.

Scenario 2: Waterborne attack on a platform

Using a small watercraft, a group of attackers with appropriate armaments and equipment approach the substation
offshore platform, which is openly accessible. The attackers attempt to land at and enter the platform with the goal
of disrupting the power supply from the platform to the power grid.

THREAT AND RISK ASSESSMENT

In the following section, the relevant scenarios sketches identified from the interview findings are elaborated as
qualitative FRAM scenario model, which in turn forms the basis for the modeling of a Bayesian network.

FRAM and Model Development

In section Process model development two methods to develop a FRAM have been described. For this work
a scenario description is used as a foundation for the FRAM. The scenario description can be seen in section
Definition of relevant scenarios. For the first scenario the three following possible reasons for the drifting of the
anchor should be investigated: mechanical breakdown, loss of cargo and human error (c.f. Figure 10). Thereby the
drifting good varies. While resulting from the mechanical breakdown and the human error the vessel itself drifts, for
the second reason only parts of the ship´s cargo drifts (not the vessel). Dai 2013 developed risk influencing factors
for a collision between a service vessel and offshore wind turbines. These risk influencing has been included as
aspects in the FRAM. For the reasons “loss of cargo” and “mechanical breakdown” as well as literature information
and expert knowledge have been used. The procedure for all three subscenarios has been similar. First the functions
have been determined and than the aspects have been included. The developed FRAM for the scenario "ship drifting
in waterway" can be seen in Figure 10.
To reduce the complexity of the resulting Bayesian network, not the entire FRAM is transferred into a Bayesian
network. Instead the extract of the FRAM between the functions “drop anchor” and “during manoeuvre connection
breaks/holds ” has been selected for the Bayesian network, as this part of the process is the most crucial. First the
functions have been translated into nodes. For a few functions, two functions could be merged into one function.
This has been necessary to avoid duplications in the hypotheses of the nodes. An example to illustrate this are the
functions "during manoeuvre the connection breaks” and “during manoeuvre the connection holds”. The negation
is in both cases the opposite node. After all functions have been included, the aspects have to be translated eigher
into nodes. Most of the aspects could be included in the BN, only aspects like “engineer on watch” which are not
possible to quantify are eliminated. As the last step of the model development the hypotheses per node have been
defined. Per node two hypotheses were defined. One hypothesis that supports the node and one that inhibits the
node. For example the node “connection during the manoeuvre” includes the hypotheses “breake” and “hold”.
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Figure 10. FRAM of the scenario ship drifting in waterway
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Parametrization and Assessment

For the parametrization, the data sources statistical data, literature information and reasonable assumptions based
on expert judgement have been used. The type of data source used depends on the type of node. For example the
wave height allows for the use of extensive historical datasets provided by weather services and public databases
like Copernicus (ERA5). For other nodes, data or probability valudes from literature could be used. For example
the node “drifting is recognized” bases on information by German Lloyd. In their publication ... they determined
a probability for the recognition of drifting (GL). The transfermatrice for this node can be seen in table 3 as an
example. Besides the literature information the probabilities are based on boundary conditions from the scenario
description. In case that statistical data and literature information are not available assumptions by the authors have
been made. With these procedure all nodes could be parametrized.

Table 3. transfermatrix for the node “drifting is recognized”

automatic position recording AIS yes no
anchor holds yes no yes no

yes 0 0.1 0 0
no 1 0.9 1 1

The Bayesian network resulting from the parameterization now allows to draw conclusions about the factors that
can favor or inhibit a collision between a drifting ship and a wind farm. The resulting mesh is shown in Figure 11.

Figure 11. BN for the scenario ship drifting in waterway
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Figure 12. BN for the scenario waterborne attack on a platform

For the second scenario a FRAM has been defined and also translated into a Bayesian network. The resulting
network for that second scenario is shown in Figure 12.

OUTLOOK

Of the above networks, a first plausibility test of the network was performed for the scenario of a drifting ship based
on a real scenario by defining the deterministic nodes in the network respectively incorporating existing contextual
information. By including these input parameters available from the real accident and incident reports, the transfer
matrices created in the network were used to determine how high the probability of a failure of the towing maneuver
and thus a risk for nearby wind farms could be in the context of the case study scenario. The case study revealed a
comparatively high probability for a failure of the towing connection under the conditions of a storm, which could
actually be observed in reality in exactly the same way. Accordingly, the exemplary case study can provide a first
indication of the basic usability of the approach.
In future, the approach needs to be further developed with regard to the interfaces to sensor systems available at the
Institute for the Protection of Maritime Infrastructures. By including available sensor data - if possible in real time -
such as Automatic Identification System data, radar data as well as weather data, the prediction can be adapted to
the respective current situation. The further development of the approach in cooperation with stakeholders from
maritime security could contribute to better ad-hoc situation assessment and evaluation in the maritime environment
in the future.
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ABSTRACT 

Heat waves are becoming more common and intense with global climate change, which requires deploying 
resilience strategies of governments to prepare for long-term trends of higher temperatures and carefully plan 
emergency responses for such extreme heat events. The British Columbia province of Canada is one of the regions 
severely affected by extreme climatic events in 2021, which resulted in several deaths and put hundreds of 
thousands of people scrambling for relief. This study examines the public reactions to one of these extreme 
climatic events, the 2021 Pacific Northwest heatwave, in a non-emergency service request platform to uncover 
the types of municipal service needs during severe climatic disasters. City of Vancouver 311 system data is used 
to identify the impact of the heatwave on the frequency and types of service needs and examine the significance 
of the relationship between climatic conditions and the non-emergency service volumes. 

Keywords 

Extreme heat, 311 calls, weather-related variables, time-series analysis, hazard preparedness. 

INTRODUCTION 

Extreme heat exposure as a result of the interactions between heat waves and urban heat islands can affect citizens’ 

lives and well beings in various ways. Such effects range from thermal discomfort in urban areas to heat-related 
health issues and even fatalities (Curriero et al., 2002; Yang et al., 2019). The extent of such circumstances has 
put heat-related hazards among one of the most life-threatening natural disasters (Luber & McGeehin, 2008). With 
global climate change and growing urban populations, the risk of heat exposure fatality is expected to become 
even more severe (Basu & Samet, 2002). Along with health-related issues, during an extreme heat event, multiple 
breakdowns might take place, which can interrupt citizens' normal life. One of the renowned examples of such a 
situation is the Chicago heat wave in 1995, in which, due to intensive heat exposure, 739 people lost their lives, 
thousands of cars broke down, several roads were blocked, and many citizens experienced extremely unfavorable 
thermal conditions both in indoor and outdoor environments (Klinenberg, 2003). 

To cope with the adverse impacts of extreme heat risk and increase the resiliency level, several actions before, 
during, and after the disaster should take place. Reducing vulnerability through different measures, accurate 
forecasting systems, effective risk communications and warning systems, emergency services, and rescue 
operations are some of the well-known needed actions for the mitigation, preparedness, and response to extreme 
climatic events (Godschalk, 2003; Cutter et al., 2008; Menoni et al., 2012). However, the uncertainty associated 
with natural disasters necessitates higher levels of intricacy in identifying the required actions to increase 
resiliency in the face of fatal natural disasters such as extreme heat. Although well-established actions for 
mitigation, adaptation, and response to extreme heat exist in theory and practice, the ongoing heat-related damages 
and fatalities in recent years require some critical shifts in prevailing approaches. To proceed with such a 
shift 
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and fulfill the intricacy needed for identifying required actions to increase extreme climatic events resiliency, in 
this study, we propose some types of bottom-up approaches using the public service requests made by citizens. 
To this purpose, non-emergency 311 service calls made by citizens can be a great platform for scrutinizing which 
types of requests are more demanding during severe climatic situations such as extreme heat events.  

Recently, researchers have been paying careful attention to 311 systems and their potential value in supporting 
the disaster management efforts of local governments. The availability of detailed historical and timely data on 
non-emergency service inquiries enables identifying critical shifts in information and service needs before, during, 
and after crises, allowing practitioners and researchers to uncover required actions to increase communities' 
resiliency to such extreme events (Baghersad et al., 2020; Pamukcu et al., 2021; Pamukcu & Zobel, 2021; Wu, 
2021). Schellong and Langenberg (2007) highlight the benefits of 311 systems in providing continuous and up-
to-date information and services during disasters. Moreover, O’Brien (2016) points out the information reporting 

feature of this system, where citizens can effectively participate in disaster management by identifying and 
reporting disaster consequences via the 311 system to speed up the damage and needs assessment activities for 
improved resource utilization and efficient disaster response. Zobel et al. (2018) note that 311 data help 
characterize the multidimensional community resilience by examining the changes in non-emergency request 
behavior of people. Pamukcu et al. (2021) analyze Orange County (Florida) 311 service requests during the 
COVID-19 pandemic and highlight the system's potential to provide relevant information to the community and 
uncover specifics of how the community reacts and responds to the evolving disaster situation. 

British Columbia province in Canada in 2021 has been struck by multiple climatic shocks, including wildfire, 
heatwave, and flooding. Those disasters, unfortunately, resulted in many casualties and property damages. Hit by 
multiple and consecutive shocks in a short period of time indeed affected the resiliency level of the area in the 
face of consequent disasters. This unique, though adverse, situation makes the study of this area both interesting 
and important. So, here in this study, by mainly focusing on the most recent heatwave that struck British Columbia 
province (especially Vancouver) in Summer 2021 and doing a time-series analysis on 311 service calls, we are 
going to analyze which types of requests arose more in the time span of the recent extreme heat crisis in this area. 
Moreover, by comparing the number of calls for specific categories of requests during the heatwave period in 
2021 with previous years and identifying the abnormal trends, we are going to explore whether there is any 
statistically significant relationship between the weather-related parameters (e.g., temperature, precipitation, wind 
speed, etc.) and specific service requests or not. Doing such analysis, besides the promising insights that could 
provide for extreme heat resiliency and management in the future, can be applied as a new approach for 
characterizing disasters. Looking for the special patterns in 311 service calls and correlating it with weather-
related data may also reveal some information about time periods that were not necessarily recognized as a 
disastrous event by forecasts, but as a result of compound interactions of different events, might be experienced 
as a catastrophic situation for particular groups of citizens. 

The main objective of the current study is recognizing the most emerging requests of citizens during extreme 
climatic events (specifically heat waves) and identifying potential requests for increasing preparedness and 
resiliency during future events. Another goal of this study is to explore the specific weather-related indicators that 
explain the variations in 311 service requests of citizens and identify the differential impacts of different climatic 
disasters on request calls. According to these objectives, throughout this study, we will address the following 
questions: What are the emerged service needs of citizens during extreme heat events? Is there any significant 
change in the frequency and the type of calls during heatwave stroke in 2021 compared to previous years? Is there 
any significant relationship between climatic conditions and the frequency of different 311 service needs during 
extreme climatic events? If so, can climatic predictors be used to predict 311 call volumes during climatic 
disasters?  

Due to the higher global frequency and more severity of extreme heat, addressing the above questions can pave 
the road for better understanding the burdens of this climate-related hazard on the normal life of citizens, and thus 
the public service systems. This can ultimately lead to better preparedness of local governments in the face of 
future events and increase cities' resiliency toward the risk of extreme heat by incorporating extreme heat in hazard 
adaptation and mitigation plans and enhancing capacities for emergency and non-emergency responses. This study 
illustrates how an information technology-based government service system can be used to support a city’s 

disaster management efforts by interpreting the emerging service needs of citizens during disasters. The results of 
this study can be useful for decision-makers and corresponding authorities to increase the required capacities or 
reutilize available resources in the face of future events. Prior knowledge on citizens’ needs and requests during 
extreme heat events could raise preparedness level and resiliency and prevent the chaos and catastrophic situations 
during this climate-related disaster. 

The remainder of the paper is structured as follows: First, we provide background information about the 311 
System in Vancouver, British Columbia. Second, in the method section, we explain our methodological approach 
to examine the relationship between non-emergency call volumes and climatic conditions. This is followed by 
the 
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description of collected datasets. We then provide preliminary analysis results and discussions based on our 
findings. Finally, we conclude the paper by discussing how our approach of forecasting the non-emergency calls 
during extreme climatic disasters can improve the City’s disaster preparation and mitigation. 

CITY OF VANCOUVER 311 SYSTEM 

The City of Vancouver, British Columbia 311 non-emergency service center has been providing residents a single 
point of access to the City’s information and non-emergency services since 2009. 311 citizen service 
representatives deal with requests ranging from animal services to water services from 7 am to 10 pm every day. 
Currently, the system enables several contact channels for service or information inquiries, including phone lines, 
VanConnect app, online chat, and City’s social media channels. The system also provides an interpretation service 

in 240 languages. 

The City’s non-emergency service center typically receives the lowest call volume over the Christmas holidays 
and the highest when adverse climate conditions hit the region (CBC News, 2018). Even though this system is 
designed for non-emergency needs, some people still call 311 about their emergency needs in a panic as well. 
Calling 311 for hazard-related reasons has a wide range, from a notice of smoke in someone’s office or a need for 

help during extreme weather conditions. That is why, during emergencies like a natural disaster or a pandemic 
outbreak, 311 systems experience significant changes in the call volumes, especially for some request types related 
to the ongoing crisis (Pamukcu & Zobel, 2021). 

TIME SERIES FORECASTING METHOD 

Previously, researchers proposed several time-series prediction models to forecast daily request volumes of 311 
services during extreme climatic events to help officials and decision-makers identify citizens' needs and thus 
better prepare for future disasters. For example, Zobel et al. (2018) propose a random forest model to predict the 
daily average number of requests based on five independent variables: average temperature, temperature range, 
the occurrence of snow, day of the week, and holidays. The authors used this prediction model to evaluate the 
effect of disaster events based on percent deviation from the historical expected number of requests. Differently, 
Madkour (2020) applies a decomposable time series model to estimate call volumes for the future hurricane season 
based on the historical hurricane seasons. However, none of these studies focus on a heatwave, which is another 
severe climatic disaster, to address the emerged service needs of citizens during extreme heat events and to identify 
the specific climatic indicators of daily non-emergency call volumes. 

In this study, we conduct a time-series analysis to observe fluctuations in the non-emergency call behavior of 
Vancouver residents during an extreme heat event. By analyzing the number of different categories of calls during 
the heatwave period in 2021 and throughout the corresponding months (June and July 2021) and comparing it 
with call requests in similar periods in previous years, we are going to investigate whether the heatwave affected 
the number of those categories of calls in a significant way or not. Additionally, we examine the significant 
relationship between non-emergency call volumes and climatic conditions by conducting a time series regression 
analysis. In time series regression models, through analyzing the variance of corresponding weather-related 
parameters (maximum temperature, total precipitation, and maximum gust speed) and the model response (i.e., 
different categories of calls), we calculate a standardized regression coefficient (SRC) to quantitatively measure 
the influence of weather-related conditions on the specific categories of 311 call request volume during each 
month. 

Data Description 

For our analysis, we collected two main datasets. First, Vancouver 311 call requests, and second, Vancouver 
weather-related data. We obtained historical data of both needed datasets, the details of which are provided below. 

Vancouver 311 data is obtained from the Open Data Portal of the City of Vancouver1. The portal provides multiple 
datasets extracted from the Vancouver 311 case management system, including 311 contact center metrics, case 
location details, case volumes, and interaction volumes datasets. These datasets include a variety of information 
such as the number of calls presented, the number of calls handled by Customer Service Representatives, the 
number of abandoned calls, the average speed of answer and service level, incident location, case type, responsible 
department, division, and intake channels. Investigations on these datasets revealed a total of 9,017,869 unique 
calls offered since 2009. Based on the records, in 2021, Vancouver 311 received 406,745 calls and handled 
377,181 of these requests with an average answer speed time of 66.7 seconds. 

1https://opendata.vancouver.ca/explore/?q=311&disjunctive.features&disjunctive.theme&disjunctive.keyword& 
disjunctive.data-owner&disjunctive.data-team&sort=modified 
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We also obtained the historical weather data for the area of interest from the Government of Canada’s website2. 
Historical weather datasets available on this website provided us with daily and hourly weather information, such 
as temperature, precipitation, relative humidity, wind speed, and direction, as well as the monthly summaries, 
averages, extremes, and Climate Normals. Both hourly and daily datasets are available for the time period between 
2014 and 2021. In this paper, we used the 2021 daily weather data, first, to show the extremity of the heatwave in 
2021 and second, to discuss the significance of daily weather conditions on variations of citizens’ daily non-
emergency requests. We specifically used the West Vancouver station (climate id: 1108824), located 8.3 km away 
from the Vancouver city center, for extracting the needed daily weather-related data for our analysis. Choosing 
this station’s dataset took place based on comparing different stations’ reports during extreme climatic events. For 
example, for the case of the Summer 2021 heatwave, we noticed that the West Vancouver station captured the 
temperature extremity during the heatwave period more accurately compared to nearby stations.  

To study the daily call volumes for each category of requests, we employed monthly case location datasets, which 
provided us with information such as the time and duration of each call, type of request, the pertained division 
and department of each request, and also the local area including the street name and the block that the request 
was asked for. We used these datasets, which are available for each month, to calculate the daily total number of 
calls in 2021 (and 2020, for exploring significant changes and trends) for each category of requests. We then 
merged this information with the daily weather-related dataset to build our regression model. 

PRELIMINARY ANALYSIS RESULTS AND DISCUSSION 

This study examines the effects of the 2021 heatwave on the City of Vancouver 311 non-emergency system. The 
Pacific Northwest United States and British Columbia province of Canada experienced the record-breaking 
extreme heatwave between June 25th and July 2nd of 2021, resulting in a death toll in the hundreds and hundreds 
of thousands of people seeking relief. A small town, Lytton in British Columbia, experienced the extreme and set 
Canada’s new national record of 49.6 degrees Celsius. The heatwave was so far outside of the range of normal 

(Isai et al., 2021). The extreme climatic disaster brought a new public health concern while the authorities were 
still challenged by the ongoing coronavirus pandemic. The average number of daily sudden death incidents was 
severely increased, and extreme heat was reported as the contributing factor to most of those cases (“Canada 

Weather,” 2021).  

To show the extremity of the heatwave, we conducted a time series forecasting model - the Seasonal ARIMA 
model - to predict the daily maximum temperatures for 2021 based on the historical weather dataset. Specifically, 
we used the daily maximum temperatures of years from 2014 to 2020 and calculated the forecasted temperature 
in Celcius and resulting 95% upper and lower bounds for a model with RMSE=3.31. Figure 1. illustrates the actual 
and forecasted temperature values for the time interval from April 1st to September 30th of 2021. The estimates 
support that the heatwave far exceeds the historical records and predictions. The temperature was 20 degrees 
above the expected daily maximum temperature during the extreme heatwave, which was also above the statistical 
upper limits. 

Figure 1. Forecasted maximum daily temperature in West Vancouver based on the historical data from 2014 to 2020 

In order to respond to this situation, the emergency alarmed many City services to cope with the effects of the 
heatwave. The police and wildfire departments urged extra officers and personnel to deal with the crisis. Also, the 
city redeployed many additional officers to manage increased volumes of emergency calls that run out of available 
resources (“Canada Weather,” 2021). 

Although it is for the non-emergency needs of Vancouver citizens, the 311 system also experienced a significant 
increase in volumes of some call types during the extreme heatwave period. Figure 2 below illustrates the sudden 

2 https://climate.weather.gc.ca/ 
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increase in 311 total number of calls during two consecutive extreme climatic events in Vancouver. 

Figure 2. Daily total number of 311 non-emergency service requests in 2021 (from 04/01 to 10/30) 

To gain a better insight into the categories of 311 call requests during the months with the highest temperature 
(June and July), we plotted the frequency tables of 311 calls based on the case types (Figure 3). According to this 
figure, in June and July 2021, the most frequent call requests were related to the noise complaints, abandoned 
vehicles, and dead animal pick-up cases that mainly were related to the streets, inspections, sanitation operations 
departments, and divisions. In July 2021, the number of noise complaint calls had a significant increase (compared 
to the previous months in the same year and the same month during the last year). Scrutinizing on the details of 
this category of calls showed that many noise complaints calls were concerned with noises from mechanical 
equipment (e.g., air conditioner or fan vent). An increase in the use of such equipment during days with high 
temperatures can explain the higher number of calls during this period. Moreover, throughout this month, water 
conservation violation calls also had a sudden rise. Such calls were mainly related to the reports of water usage 
violations such as water overuse or lawn sprinkling outside of the legal hours (4 am to 9 am). The higher sensitivity 
of citizens toward the water and water shortage concerns during days with extreme heat might be the main reason 
for such a spike in this category of calls. 

Figure 3. Vancouver 311 call volumes by case types in June 2020-2021 (left) and July 2020-2021 (right) 

In table 1, we compared the daily number of calls for each type in June and July 2020 (using the student t-test), 
with the daily number of calls for each case type in June and July 2021. As it is reflected in this table, the frequency 
of the most common case type calls in 2021 (such as noise complaints, water conservation violations, and dead 
animal pick-up cases) was significantly higher than in the previous year. 

To explore to what extent the call types and volumes are contingent on the climatic conditions, we also did a time-
series analysis on the weather-related data and built a regression model to examine the meteorological parameters' 
impacts on changing the number of calls for two categories of calls which we found significant increase 
compared 
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to the previous year (i.e., noise complaint case and water conservation violation). For this purpose, we used the 
standardized regression coefficient (SRC) as a sensitivity index to quantitatively measure the influence of three 
weather-related variables (daily maximum temperature, maximum gust speed, and the total precipitation) in each 
month on the total number of noise complaints and water conservation violation daily calls. Regression analysis 
for each month for these two categories of calls is presented in Figures 4 and 5. As noise complaint and water 
conservation violation calls had the most net changes compared to the previous year (Table 1), and since we 
couldn’t find a meaningful relationship between the annual standardized regression coefficients (SRCs) changes 

of three other case types (i.e., sign/repair, dead animal pick-up case, and water leaks/breaks) here in this study, 
we just reported the SRC changes of the first two call types (i.e., noise complaint and water conservation violation 
calls).  

Table 1. The case types having most significant changes in the average number of daily calls in June and July (from 
2020 to 2021) 

Average Number of Daily Calls 

Case Type 2021 2020 Net Change 

PUI Noise Complaint Case 27.8 22.5 5.33* 

Water Conservation Violation 7.7 3.2 4.54** 

Sign - Repair 6.0 3.2 2.82** 

Dead Animal Pickup Case 12.3 9.84 2.44* 

Water Leaks/Breaks 6.9 5.16 1.72* 
      ** p-value < .001, * p-value <.01 

As it is shown in figure 4, the greatest influence of weather-related variables on the volume of calls related to the 
water conservation violations in 2021 happened during the summer. With the increase in temperature, the number 
of calls related to this category had an upsurge (positive SRC values). However, the increase in precipitation and 
wind speed had a negative impact on the volume of this category of non-emergency calls (negative SRC values). 
This issue confirms the strong contingency of citizens' non-emergency call requests on the climatic conditions. 

Figure 4. Influence of weather-related variables on the volume of calls related to water conservation violations 

We also need to mention here that the out-of-range value of SRC during July and August happened due to the 
significant daily rise of this category of calls on certain days during these months. Those surges acted as outliers 
in our regression model. Our closer look at the water conservation call volumes showed that the spike in this 
category of calls exactly started with the beginning of the heatwave event in late June. However, this category 
didn’t receive significant call requests during other seasons, which might be why the SRC values during other 
months are close to zero. 

Another category of calls that we examined the impact of climatic situations on its volume was noise complaints. 
In figure 5, we plotted the SRC values of the three considered weather-related parameters in changing the number 
of calls in each month. According to this figure, in July 2021, the volume of noise complaints was strongly 
dependent on the temperature. Scrutinizing the datasets also showed that during this month, the number of this 
specific category of requests had a significant rise on specific days. As discussed earlier, this issue can be 
attributed to the air conditioning and fan equipment noise during days with high temperatures. It should also be 
noted that the small SRC value of temperature during June is due to the fact that the extreme heat event happened 
in the last days of this month, thus in the regression analysis, due to the limited number of observations, the impact 
magnitude of climatic situations didn’t reflect well throughout this month. 
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Our exploration of other categories of calls revealed that water-related requests (such as water leak and repair) 
were significantly dependent on the weather-related variables. Moreover, we observed that different climatic 
variables such as maximum temperature and total rain usually had inverse impacts on the total daily calls of 
different categories, especially during the summer. 

Figure 5. Influence of weather-related variables on the volume of calls related to noise complaints 

CONCLUSION 

In this study, we tried to analyze the most frequent non-emergency needs and requests during the heatwave in 
Summer 2021 in Vancouver and the period with high temperatures in this city. Our results revealed that specific 
types of 311 calls had significantly higher volumes during the heatwave period. The closer examinations showed 
that the frequency of these categories of calls notably depends on the weather-related variables such as 
temperature, precipitation, and wind speed. This issue further demonstrated why there were monthly and seasonal 
variations in the volume of different call categories.  

Results of this study can be helpful for city officials and decision-makers for increasing preparedness and 
provisioning of essential capacities to respond to citizens’ needs and requests during future extreme heat events. 

Moreover, as it seems extreme heat still has not been clearly identified and categorized as a high-risk climate-
related disaster in the hazard mitigation plans and hazard management agencies of some cities, such analysis can 
help increase the awareness and sensitivity toward the calamity of this type of natural hazards. As a case in point 
for Vancouver, although the city has a public safety department responsible for addressing natural disasters and 
emergencies3, this department didn’t receive significant call volumes during the extreme heat in June and July 

2021. Our initial investigations revealed that this issue was due to the fact that the heatwave is not still on the list 
of possible disasters and preparations of this department. Therefore, we hope the results of this study can 
contribute to the greater apprehension of extreme heat among public and officials as a disastrous event and lead 
to the increase of cities' adaptation capacities and resiliency toward the risks and consequences of such events. 

FUTURE WORK 

In this paper, we tried to introduce our research in progress for analyzing citizens’ non-emergency requests during 
an extreme heat event. As a future research direction, to better understand the true causal relationship between 
311 calls and extreme climatic situations such as heat waves, we plan to conduct a time-series analysis on historical 
service request data of 5 years duration. Such an analysis with the archived data would allow us to compare 
different call types and frequencies during an extreme heat event with the average of similar time in previous 
years. In this way, we would provide better insights into the emerging patterns of non-emergency calls during 
extreme heat events. Moreover, this study can be complemented with some qualitative content analysis on 
citizens’ calls to scrutinize the details of those calls. This can be very helpful for exploring why some types of 
requests become more frequent during extreme events. This quantitative analysis will help recognize the 
underlying reasons of non-emergency calls during extreme climatic situations. 

Furthermore, to compare citizens’ needs during different climate-related disasters such as floods and heavy 
snowstorms, a comparative analysis can be performed to systematically gauge the application of 311 call analysis 
in elevating cities' resiliency levels during various climatic disasters. Exploring the specific request patterns during 

3 https://vancouver.ca/home-property-development/public-safety.aspx 
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particular climatic situations and comparing emerging call types and frequencies can help responsible authorities 
to identify the differential impacts of different climatic disasters. Such an analysis can further be extended to a 
multi-disaster context to uncover additional challenges due to the sequential occurrence of multiple climatic 
shocks. 
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ABSTRACT 

Various terms and approaches currently exist on outlining the constituent components of crisis management as 
well as their interrelations, focusing mainly on the effective communication between the members of the crisis 
management unit. A gap emerges regarding a high-level and holistic approach on crisis management that will 
have the organization’s preparedness as its main pillar. In this work, crisis is organized into three macro-stages, 
i.e., pre-crisis, crisis, post-crisis. Preparedness is conceptualized as an overarching concept that frames an 
organization’s crisis management approach to reduce its vulnerability in a potential crisis. The study focuses on 
developing a high-level tool to enhance the preparedness of water utilities. The tool aims to serve as a holistic 
crisis management framework to support stakeholders in qualitatively assessing and improving their level of 
preparedness. The “Preparedness against hazardous events” tool was the result of this work, which was positively 
assessed through experts’ evaluation.

Keywords 

Crisis management, tool, preparedness, assessment. 

INTRODUCTION 

Background 

Both at the international and the European level there are several regulations and guidelines that turn the spotlight 
on drinking water and water security issues, linking them with environmental protection and preservation as well 
as human rights. At the European level, in general, the legislative framework does not directly address the topic 
of crisis management in water supply infrastructures, with the Floods Directive (2007/60/EC) being slightly closer 
to this concept by introducing preliminary flood risk assessment, flood hazard and risk maps and flood risk 
management plans. Additionally, in 2004 the European Commission (EC) has proposed to develop and implement 
a concerted EU Action Programme on flood risk management, where the concepts of “preparedness”, “emergency 

response” and “recovery” shall be incorporated (COM (2004) 472 final). In 2009 the World Health Organization 

(WHO) and the International Water Association (IWA) published the “Water Safety Plan Manual: step-by-step 
risk management for drinking-water suppliers” to be used as a practical guide for the development of water 
safety 
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plans (WSP) in water supply systems managed by water utilities or relevant entities. 

It is therefore evident that the EU legislative framework, as well as the international guidelines, cannot support 
per se the water utilities in perceiving the concept and developing concrete crisis management plans for future 
events to enhance their preparedness. On the contrary, standards proved to be valuable in supporting an 
organization in such activities and processes. There are several standards that are related specifically to water 
security and crisis management in water supply infrastructure: EN/TS 17091 Crisis Management –Developing a 
Strategic capability, EN 15975 Security of drinking water supply – Guidelines for risk and crisis management, 
and in particular part 1 which refers to crisis management is of great relevance, ISO/DIS 24518: Activities relating 
to drinking water and wastewater services — Crisis management of water utilities and ISO 24520: Service 
activities relating to drinking water supply systems and wastewater systems — Crisis management — Good 
practice for technical aspects. These four standards adopt the three-phase approach for the characterization of 
crisis management, i.e., pre-crisis, (during) crisis and post-crisis. Another point that all four standards agree on, 
is the identification of preparedness as a key component in the crisis management framework, along with response 
and recovery. Finally, it is highlighted that there are three key elements when it comes to crisis management, and 
these are people/staff, processes and resources. 

Terminology 

Crisis management 

Two crucial aspects are encompassed within “crisis management”, i.e., the term crisis and the term management. 
Both terms have a wide range of interpretations and definitions in literature and thus need to be perceived through 
their complexity and multiplicity. In ISO 22300:2021, a great overview and variety of terms on security and 
resilience, along with their definitions, is provided, covering not only crisis and risk, but also disaster and 
emergency definitions. The crisis management concept is closely associated with emergency management, based 
on the definitions given. Interestingly, there is a significant differentiation in wording in the case of crisis 
management and emergency management, where one can start perceiving the concept behind crisis management. 
Additionally, as Albtoush, Dobrescu, and Ionescou (2011) state, crisis management is differentiated from risk 
management in the fact that the latter “involves assessing potential threats and finding the best ways to avoid 

those threats”, while “crisis management involves dealing with threats after they have occurred”. Furthermore, 
they continue with saying that crisis management “is a discipline within the broader context of management 

consisting of skills and techniques required to identify, assess, understand, and cope with a serious situation, 
especially from the moment it first occurs to the point that recovery procedures start” (Albtoush, Dobrescu, and 
Ionescou, 2011).  

Regarding the term “crisis” alone, apart from the international standards, several definitions of the term are also 

available in the literature. One of the main characteristics of a crisis seems to be its predictability, since it usually 
occurs suddenly and requires immediate action. Moreover, immediate, and effective response is crucial since a 
crisis can have severe impact on an organization or/and the environment and society. The same pattern, i.e., 
various approaches, is observed also in perceiving the various stages within a crisis. Several frameworks have 
been proposed during the years, which divide crisis into different stages with specific characteristics. The division 
of a crisis into stages or phases is based on the conceptualization of the crisis life cycle. During the years several 
frameworks have been proposed including 3-stage (Smith, 1990, Richardson, 1994, Crandall, Parnell, and Spillan, 
2009, Frandsen and Johansen, 2017), 4-stage (Myers, 1993 and Fink, 1996) and 5-stage crisis approaches (Pearson 
and Mitroff, 1993). In this work, the 3-stage approach is adopted. 

Preparedness 

Crandall Parnell, and Spillan (2009) state that for many organizations a crisis is directly linked with catastrophic 
events and thus many of them adopt an “it can’t happen to us” mentality. They also conclude that a crisis will 
occur in most organizations during their lifetime, and for this reason, crisis management should focus on not only 
preventing a crisis from reoccurring, but also in mitigating its impact once it has occurred (Crandall Parnell, and 
Spillan, 2009). So instead of focusing on if and when a crisis will occur, one should focus on if one is prepared 
for when a crisis hits.  

In Table 1, some indicative definitions on the concept of preparedness are presented, as found in the relevant 
literature. The aim is to perceive the essence of the term and not provide an exhaustive list of definitions. 

Table 1. Indicative definitions on the concept of Preparedness 

Authors Definition 
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World Health Organization 
(WHO, 1995) 

A programme of long-term development activities whose goals are to strengthen 
the overall capacity and capability of a country to manage efficiently all types of 
emergency and bring about an orderly transition from relief through recovery, 
and back to sustained development. 

Alexander (2002) Preparedness. Actions taken to reduce the impact of disasters when they are 
forecast or imminent. 

Danish Emergency 
Management Agency 
(DEMA, 2009) 

Preparedness planning is about preparing for extraordinary incidents that 
cannot be managed with ordinary resources and routines alone. In other words, 
preparedness planning is about creating resilient organizations. 

Baubion (2013) Preparing for crisis has traditionally consisted in developing capacities and 
tools to prepare for crises that occurred in the past. Preparing for the new 
landscape of crises requires adapting approaches that enable preparation for 
response to the unknown. 

All the definitions mentioned above, seem to agree that preparedness involves a set of actions/activities that can 
help an organization respond effectively to a potential crisis or event, prevent specific incidents that might occur, 
and reduce their impact both on the organizations and its surroundings. Since preventing a crisis is not always 
feasible, reducing the organization’s vulnerability through enhanced preparedness is a crucial issue. 

Research gap 

There is a great variety of terms used to describe an abnormal operational situation, the meaning of which is 
closely linked, complements, or even overlaps with each other. Crisis, risk, disaster, emergency, impact, hazards, 
and hazardous events are the most common terms when it comes to the occurrence and management of an event 
that may or does disrupt the normal operational procedures of a system. The situation is the same when one focuses 
on crisis management. Various terms, definitions and approaches exist on the constituent components of crisis 
management, as well as their interrelations. Furthermore, there is a variety of guidelines providing information on 
crisis management approaches, definitions, and constituent components focusing mainly on the existence, 
structure, and effective communication between the members of a crisis management unit.  

A gap emerges regarding a high-level approach on crisis management that will have preparedness as its main 
pillar. In this work, preparedness is not perceived as one of the structural components of crisis management stages, 
but becomes a key concept that runs through all the various stages of crisis management. In other words, 
preparedness is not only found in the pre-crisis stage, but also in the crisis and post-crisis ones. Furthermore, 
preparedness is conceptualized as a holistic approach that frames the crisis management approach of an 
organization, to reduce its vulnerability in a potential crisis. The aim is for an organization to expand its 
understanding of preparedness in actions other than specific mitigation measures.  

To this end, this paper presents a tool to support the stakeholders who are responsible for a water infrastructure in 
assessing their preparedness level against a series of hazardous events. Moreover, the tool provides high-level 
recommendations to help organizations improve their level of preparedness. The primary end user is the asset 
owner and/or operator, however, the use can be extended to broader stakeholder groups, that involve actors 
engaged in some capacity in the crisis management chain of actions in water utilities. At this point, it should be 
made clear that the tool’s scope is not specialized risk assessment; such assessments are carried out by specific 
simulation software, e.g., hydrological modelling, seismic modelling etc. SCADA (Supervisory Control and Data 
Acquisition) is a key example of these simulation software tools, that monitors, gathers and processes real-time 
data. Such functionalities are not offered by the developed tool, as its main goal is to inform the users on the 
variety of areas and actions that crisis management can encapsulate for an effective crisis management approach 
within an organization. More specifically, the tool aims to deliver a high-level analysis to inform users about 
potential gaps in their established crisis management approach, in order to create or update their crisis management 
plan. In more detail, the tool will allow the end users to identify areas of strength and weakness to improve 
preparedness. Preparedness refers to both infrastructural capacities (e.g., a warning system) but also to 
organizational arrangements supporting response.  

METHODOLOGY 

To begin with, it is important to mention that the several methodological steps presented below should not be 
considered to be strictly incrementally implemented, as continuous feedback took place between the various 
steps. 
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In more detail, the first step was to conduct a thorough literature review. Literature review included the study of 
scientific papers and book chapters, standards, national and international guidelines, project’s deliverables, online 

tools, etc. Several key words were used to explore literature, such as: preparedness, crisis management, disaster, 
emergency management, risk assessment, water utilities, hazardous events, water safety plans, mitigation actions, 
etc. The purpose of the review was to gain comprehensive insight on crisis management domain and crisis 
management in water supply systems in particular, as well as other closely linked domains, such as risk 
management and assessment. As a second step, a questionnaire was distributed to domain experts, serving as end 
users of the tool, to gain a deeper understanding of the unique characteristics of their infrastructure and established 
crisis management approach. The third step was to formulate the concept and the content of the tool. This was a 
dynamic process, and domain experts were actively involved. Having outlined the concept of the tool, the actual 
content of the tool was structured. Once the main concept and content of the tool have been formulated, the fourth 
step was to go through a validation procedure with the domain experts. The concept and content of the tool were 
presented to the experts, so as for them to provide comments and feedback.  

The contribution of domain experts was also requested for the formulation of the preparedness assessment model. 
The assessment model for the tool is simple, rather than a multiparametric algorithm. Domain experts contributed 
in the formulation of the assessment model by providing their input on determination of weighing factors, 
regarding selected crisis management actions, and impact level of hazardous events on water utilities components. 
Regarding the weighing factors, the domain experts were provided with excel spreadsheets that included all the 
information, and were requested to rank each action using an integer from one (1) to five (5), with number one 
(1) indicating an action of very low importance, while number five (5) indicates an action of very high importance.
Contributors were encouraged to go through this exercise in a collaborative way with any personnel they
considered appropriate. For determining the qualitative high-level impact of the included hazardous events on the
water supply system components, the domain experts were provided with an excel spreadsheet and were requested
to indicate the level of potential impact of each of the hazardous events on the system components. Three were
the possible options for indicating the high-level impact of the various hazardous events, i.e., “High”, “Medium”,

and “Low”. Domain experts were requested to not take into consideration the implementation of mitigation actions
in their answers.

Based on the received input, content adjustments and modifications were considered and implemented. The 
preliminary design of the tool, first in the form of wireframes and then mockups, was the fifth step. Mockups were 
presented to the domain experts, so as for them to have a clear perception of what the tool’s functionality and 

feedback was also requested. The sixth step was the finalization of the preparedness assessment model. 
Nevertheless, the finalization process came after receiving feedback from the domain experts in previous steps. 
Finally, having finalized the concept, the content and the assessment model, the development of the 
“Preparedness against hazardous events” tool was initiated.  

RESULTS 

The “Preparedness against hazardous events” tool is divided in four sections, as depicted in Error! Reference 
source not found.. 

Figure 1. The tool’s four sections 

Content 

Section 1: Hazardous events 

In this first section of the tool, sixteen hazardous events are included for the user to select from and proceed with 
the assessment, and are presented in Table 2.The hazardous events that have already been experienced by the 
domain experts are indicated with a grey color, while hazardous events taken from literature are indicated with 
white.  
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Table 2. The selected hazardous events 

Hazardous events 

Algae bloom Flood Color/Odor/Taste 
Mechanism failure/ 

Malfunction 

Earthquake Ammonium pollution Water stress Cyber Attack 

Severe weather 
Microbiological 

pollution 
Oil spill Terrorism 

Drought Over chlorination Chemical pollution Fire 

It must be noted that different hazards occurring due to specific hazardous events were not taken into 
consideration. Dealing with the specific hazards caused, depends on the water utility infrastructure and service 
area, which goes beyond the purposes of this study.  

Section 2: Crisis management 

Each crisis stage is divided into relevant functional areas, which are different for each of the three stages. 
Consequently, each functional area consists of a list of actions that can be implemented by the organization. 
Actions are predefined and users can select the ones that they already implement in case of crisis, due to a specific 
hazardous event.  

Table 3. Key components of the pre-crisis macro stage 

Stage Functional area Action 
Pre-crisis Capacities Alternative water sources 

Alternative power sources 

Alternative distribution networks 

Interdependencies 

Primary & alternate personnel 

Training & simulations Tabletop exercises 

Written instructions  

Foresight tools 

Evaluation & feedback 

Hazard mapping 

Planning Risk & vulnerability assessment 

Hazard specific Crisis Management 
Plans (CMPs) 

Concrete data management plan 

Mitigation actions 

Incident Command System (ICS) 

Detection / Warning Event detection & early warning 
systems 

Non-sensor systems 

Real-time data 

Crisis Management Unit (CMU) 

Roles & Responsibilities Chain of command 
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Responsible parties 

Trans-boundary cooperation 

Communication & Information 
management 

Reporting rules 

Events records 

Back up key utility info  

Available communication channels 

Communication protocols 

Table 4. Key components of the crisis macro stage 

Stage Functional area Action 
Crisis State analysis Nature of crisis 

Damage assessment team 

Priorities definition 

Resources assessment 

Situation reports 

Response Access to utility data 

Support operations team 

Damage control operations 

Continuous documentation 

Logistics 

Personnel safety 

Recovery Restore operations 

Immediate relief 

Long-term recovery 

Communication & Information 
management 

Information collection & management 

Public communication 

Interoperable communication 

Table 5. Key components of the Post-crisis macro stage 

Stage Functional area Action 
Post-crisis Feedback Post crisis analysis 

Damage assessment 

Post crisis reports 

Lessons learned 

Demobilization plan Establish demobilization priorities 

Coordinated release of resources & 
personnel 

Improvement actions Update plans & procedures 

Update chain of command 

Rethink established mitigation measures 
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Rethink established policies 

Communication & Information 
management 

Public communication 

Update key response partners contact info 

Information records & storage 

Section 3: Preparedness assessment 

Given the high-level information and approach used in the tool, it would be misleading to provide quantitative 
results when it comes to management approaches. The aim of the tool’s qualitative information is for the user not 

to rest on an increased level of preparedness, especially in cases where a high impact is possible, due to a specific 
hazardous event.  

Based on the selections made in Section 2 and the weighing factors attributed to each action, preparedness 
assessment is presented both per crisis stage and per functional area. For both the overall, and the per crisis stage 
preparedness assessment, four levels of preparedness status are foreseen, as presented in Table 6. 

Table 6. Overview of preparedness status categorization 

Preparedness status Corresponds to 

Highly prepared Very good performance, keep it up 

Moderately prepared Doing well, but can improve 

Slightly prepared Inadequate performance, need to do better 

Unprepared Immediate action is required 

It was decided that the four levels of preparedness should not be of the same range. This is mainly in order to 
highlight the fact, that to be either “Moderately” or “Highly” prepared, one needs to implement a variety of actions. 
Setting a scale of differentiated range, helps to draw the attention of the user in the fact that increased preparedness 
against a crisis needs a holistic approach. The performance status scale and the range selected for each 
preparedness level, are presented in Table 7.  

Table 7. Preparedness status scale and respective performance score correspondence 

Preparedness status scale Performance score correspondence 

Highly prepared >80%

Moderately prepared (50-80%] 

Slightly prepared  (0-50%] 

Unprepared 0% 

Two are the factors that the model is based upon: 

• The user input, i.e., the actions selected by the user in Section 2. Selected actions are scored with one (1)
and non-selected actions with zero (0). One (1) refers to “yes, this action is implemented in the crisis

management approach” and zero (0) refers to “no”, this action is not implemented in the crisis

management approach”.

• The weighing factors that were attributed to each action. Weighing factors were calculated as the median
of the answers given by the domain experts.

Furthermore, based on the domain experts’ answers and the weighing factors that occurred, the maximum score 
that can be reached per functional area, as well as per crisis stage, i.e., the case that the user implements all the 
included actions and thus scores “1” for each one of them, was calculated. The final performance of the user is 

calculated through a simple equation as follows: 

𝑈𝑠𝑒𝑟 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑠𝑐𝑜𝑟𝑒 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑠𝑐𝑜𝑟𝑒

𝐼𝑑𝑒𝑎𝑙 𝑠𝑐𝑜𝑟𝑒
𝑥100% 
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Moving on, regarding the impact of a hazardous event, this does not refer to quantitative information, as it only 
aims to draw the attention of the user to the potential level of harm that could occur, because of the hazardous 
event they have selected.  

An aggregation of the domain experts’ answers was necessary, however the variation across the answers did not 

facilitate the extraction of one simple “rule” to follow when attributing the level of impact to a hazardous event. 

For this purpose, a matrix with all the possible combinations of the experts’ answers was prepared, to extract 

“rules” to present the impact level of each hazardous event, in a more unified but yet representative way. In Table 
8, the defined verbal codification to represent the impact level of the hazardous events on the water supply system 
components is presented, along with a brief explanation to highlight how they are differentiated.  

Table 8. Verbal codification attributed to the impact level of the hazardous events 

Verbal codification Explanation 

High All experts indicate a high-level impact. 

Expected high The majority of the experts indicate a high-level impact. 

Expected high* Most experts indicate a high-level impact, but there is a significant 
variation among the experts’ opinions. 

Medium All experts indicate a medium level impact. 

Expected medium The majority of the experts indicate a medium level impact. 

Expected medium* Most experts indicate a medium level impact, but there is a significant 
variation among the experts’ opinions. 

Low All experts indicate a low-level impact. 

Expected low The majority of the experts indicate a low-level impact. 

Expected low* Most experts indicate a low-level impact, but there is a significant 
variation among the experts’ opinions. 

Section 4: Recommendations 

Recommendations follow the conceptual approach of the tool, serving as a preliminary guidance for the user on 
the concept of crisis management and preparedness and acting as complementary material to the results of the 
assessment. It is important to mention that the recommendations provided, cannot replace national guidelines and 
standards, but they can highlight areas of intervention for future planning. In particular, users receive 
recommendations only for the actions they have not selected in Section 2 of the tool. The are two ways to access 
the recommendations, which are  presented in Table 9 below.  

Table 9. Available options regarding provided recommendations 

“On screen” “On paper” 
Maximum of 12 recommendations are displayed in the 
tool’s UI. 

Full list of recommendations is provided in a form of 
downloadable report. 

Recommendations are sorted by weighing factor and 
displayed in a descending order. 

Recommendations are sorted by weighing factor and 
displayed in a descending order. 

Top priority recommendations are provided first and 
crisis stage is mentioned. 

Recommendations are provided per crisis stage and 
functional area. 

No available recommendations, in case all actions are 
selected in Section 2. 

No available recommendations, in case all actions are 
selected in Section 2. 

Features 

As mentioned above, the tool comprises four different sections. Section 1 facilitates the selection of a specific 
hazardous event, Section 2 displays the different actions that an organization can implement, Section 3 provides 
the assessment evaluation and Section 4 generates a list of recommended actions. The tool’s first page is an 

introductory one, where additional information about the tool can be found. In this page, the user has the option 
to create a new session or select a previous one. 
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Figure 2. Tool’s introductory page 

Section 1: Hazardous events 

The first page of the tool allows for a hazardous event selection, by providing the user with a list of predefined 
hazardous events to choose from (Error! Reference source not found.). In particular, these events have been 
either frequently experienced by relevant entities or being added as an option to be assessed (Table 2). As a result, 
the tool enables end users to assess their level of preparedness against a hazardous event or even evaluate the 
impact that a never before experienced event might have on their system’s components. 

Figure 3. Hazardous event selection section 

Section 2: Crisis Management 

The crisis management section is divided into the aforementioned crisis stages (pre-crisis, crisis and post-crisis). 
Each stage consists of a number of predefined functional areas and actions (Table 3, Table 4 and Table 5). In this 
section, the different actions, that can be part of a crisis management plan, should be selected in order for the 
assessment to be produced. This functionality provides the ability for either (i) assessing the actions that are part 
of an organization’s current crisis management plan against a specific hazardous event or (ii) including some 

actions to the crisis plan, that are not currently implemented, so their contribution to the organization’s overall 

level of preparedness can be examined. It should be noted that by clicking on an action, a pop-up window with 
the form of a “prompt” appears, so that a short but detailed description of the action can be provided to the user 
(Error! Reference source not found.). 

After the completion of the crisis management section, a verification is required through a pop-up window, which 
informs the user that by proceeding to the assessment, the non-selected actions would not be considered as part 
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of the crisis management approach. 

Figure 4. Crisis management section 

Section 3: Preparedness assessment 

In the next section, the high-level qualitative evaluation of the level of crisis management preparedness is 
provided. The level of preparedness against a hazardous event is assessed: overall, per crisis stage and per 
functional area. The results are illustrated by utilizing both verbal expressions and visualizations (color coding 
and graphical figures), as shown in Error! Reference source not found.. This section also informs, in a high-
level, about the interrelation between the water supply system’s components and the examined hazardous event. 
Additional information about the estimated levels of the potential impact of the event on the system components 
can be found by clicking on the help modal. 

Figure 5. Assessment section 
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Section 4: Recommendations 

The tool’s last section provides a summary of suggestions that can serve as a guidance on some key aspects of 
crisis management (Error! Reference source not found.). The proposed recommendations are aiming to help 
the user review the actions that are not part of the organization’s current crisis management approach and could 

improve the overall level of preparedness. It should be noted that the recommendations are ordered by higher to 
lower priority, based on their weighing factor, and the 12 most important ones are presented in the tool’s interface. 

Finally, the tool enables the end users to download the full list of recommended actions, the crisis management 
guide and the assessment report, so that the analysis, review and decision making can be performed outside the 
tool’s environment. 

Figure 6. Recommendations Section 

Evaluation 

The “Preparedness against hazardous events” tool aims at providing a user-friendly environment for stakeholders, 
responsible for a water infrastructure, to assess their preparedness level against a hazardous event. The tool’s 

primary end user is the owner and/or operator of a water infrastructure, however the use can be extended to broader 
stakeholders’ groups, that involve actors engaged in a crisis management plan. 

In order to evaluate the tool’s functionalities and overall user experience, questionnaires were distributed and 

answered by eight domain experts. The distributed questionnaire was developed based on the System Usability 
Scale (SUS) guidelines. In particular, the experts come from four different domains (Figure 7), which are part of 
the crisis management chain of actions in water utilities i.e., water utilities, healthcare/rescue providers, crisis 
management authorities and technical institutes. The questionnaire is divided into two main sections, (i) KPIs: in 
this section the experts provide their feedback about the tool’s usefulness as a preparedness assessment tool, based 
on their domain expertise and (ii) Tool usability: in this section, the experts, as end users now, provide their 
opinion on the tool’s usability (UI, UX).  
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Figure 7. Domain expert’s demographics 

Evaluation of tool’s functionalities 

In the questionnaire’s first section, the experts provided their input, by validating and evaluating specific KPIs, 

regarding the tool’s different functionalities, as shown in Figure 8. 

 Figure 8. Evaluation questionnaire: Key performance indicators section 

The water utility experts, which are the key users of the tool, assessed that the tool can be used, by the water utility 
manager, in creating and updating the organization’s crisis plan. Moreover, they evaluated that the information 

presented in the tool is accurate, the options provided are ample and the assessment report, as well as the suggested 
recommendations, are consistent and aligned with the user’s options. 

The healthcare/rescue authority experts evaluated that the tool can be useful for managing a crisis in water utilities, 
but it is not generally applicable for their level of activities. Having in mind that the tool’s main target is water 
infrastructures, they mentioned that the information provided is coherent and presented in a simple manner so that 
any user, coming from any background, can use the tool efficiently. 

The experts from crisis management authorities or a technical institute, assessed that the tool can successfully 
provide an environment for the evaluation of an organization’s preparedness level. More specifically, they find 

that the steps that a user needs to follow are coherent and the resulted report can be used to further improve a crisis 
management plan.  

Summing up, all experts agreed that the necessary information is presented in a simple and understandable fashion, 
so that a user can efficiently use the tool for assessing their organization’s level of preparedness. In addition, they 
estimated that the tool could possibly adapt different crisis scenarios, such as additional scenarios that could be 
more useful for the healthcare/rescue authorities.  
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Evaluation of tool’s User Experience 

The questionnaire’s tool usability section focus on the tool’s user interface and the overall user experience. The 

end users indicated their level of satisfaction for given statements, as shown in Figure 9.  

 Figure 9. Evaluation questionnaire: Tool Usability Section 

Based on this approach, the results of the evaluation indicated that the end users strongly agreed upon the fact that 
the tool is not unnecessarily complex and that the support of a technical person is not needed. Also, they agreed 
on the tool’s quick learning curve and ease of use, the good integration of various functions and the information 

consistency.  

It needs to be mentioned that the end users find, the frequency of use and the confidence gained from the tool’s 

use, to be two indicators that they have a neutral opinion about. These indicators might change as the tool is 
utilized, by the end users, in their everyday professional life and its functionalities are being implemented in 
action. Therefore, a new questionnaire could be distributed, after a few months of use, in order to assess if their 
opinion has changed. 

Lastly, a useful suggestion, for the tool’s further improvement, derived from the crisis management domain 
experts, who suggested that further downloadable templates and extended reports could be included, at the last 
section of the tool, such as management and communication plans. 

CONCLUSION 

Several terms and approaches, regarding the components of a crisis management plan, exist and mainly focus on 
the actions that should be carried out during a crisis, rather than provide a holistic approach for the overall 
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management of a hazardous event. After a thorough literature review it was clear that the recommended way to 
perceive the various stages within a crisis is a three macro-stage approach: (i) pre-crisis, (ii) crisis and (iii) post-
crisis, and these stages should be considered as the key aspects of a crisis management plan. The aforementioned 
literature review confirmed that a research gap emerges in the area of the assessment of preparedness against a 
hazardous event, that takes into consideration all three stages. In order for a holistic approach to be developed, the 
findings of the literature review were enhanced with input of active domain experts, aiming to bridge the existing 
research gap. As a result, the conceptual approach was formulated and it served as the core of the “Preparedness 

against hazardous events” tool implementation. The tool was tested both by experts and end users from different 
domains. Their evaluation was overall encouraging and by assessing their feedback we can conclude that the tool 
would be useful, in particular, for stakeholders in the crisis management domain. Suggestions for future 
enhancements of the tool include the addition of scenarios more suited to each stakeholders’ organization or water 

utility.  
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ABSTRACT

Crisis response and management often involve joint actions among different actors. This is particularly true in cross
border cooperation, i.e. when actors belong to different countries. This is the operative context of the NETTUNIT
research project, which long-term objective is to provide automatic support to emergency management.

Modelling emergency plans is challenging because they are usually written in free-form text, thus in a form that is
very far from being automatically processed and executed. In other words, it is non-trivial to define workflows
capable of managing and monitoring emergency plans. To complicate the problem, typically an emergency evolves
in a highly dynamic environment, so there is the need for run-time adaptation.

In this paper, we propose a roadmap for producing executable workflows from emergency free-text plans. We set up
our current progress in the project and focus on the sub-problem of identifying a suitable modelling notation. We
also propose two improvements with respect to the state of the art: 1) a specific diagram focusing on events, roles
and responsibilities in a goal-oriented fashion; 2) some guidelines for depicting the emergency plan at hand with a
modelling notation.

Keywords

Emergency management; Disaster response; Modelling Notation

INTRODUCTION

Worldwide, emergency response plans describe complex processes involving collaboration and interaction of
multiple roles and departments. The effective response to a disaster includes timely information and early warning
of potential hazards (Liu and Ota 2018). Public institutions and private companies dispose of procedures and
organizations for emergency response that have proved efficient in most cases to mitigate the consequences
of accidents. The efficiency of such organizations can be reduced by difficulties of communication, lack of
information, or ambiguities in the sharing of tasks (Wybo and Lonka 2003). In this context, the challenge is
to integrate Information and Communication Technologies (ICTs) with contemporary emergency management
practices to improve performance and to strategically align ICT use with the needs and requirements of emergency
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management (Hellmund et al. 2021). All organizations, especially those that are in the central positions of an
emergency management network, can benefit from ICTs to improve their communication and coordination with
other stakeholders (Hu and Kapucu 2016).

Integrating ICT in the emergency domain can be challenging: emergency plans are written usually in a free-form text
by domain experts (who are not necessarily ICT experts). Drafting plans in the free-form text brings advantages in
their planning and execution because of the comprehensibility of natural language for humans, but the introduction
of a computer supported execution of plans in this context generates many challenges. Nonetheless, a significant
effort in the scientific literature remarks the advantages of combining ICT in emergency response procedures.
One way to tackle the previous issue consists in defining a mechanism to convert emergency plans expressed in
free-form text to a “computer system-friendly” version. By modelling the activities involved in a response process
in a structured way, domain experts are assisted by a software system aggregating emergency plans that consider
several requirements and observations from the emergency context. In this way, emergency responses are being
provided promptly to efficiently address the emergencies.

In this paper, we propose an approach for modelling emergency plans in free-form text using standard business
notations, and then transform an emergency plan (opportunely modelled through standard business notations) into
an executable plan. Our proposal uses a semantic layer to highlights the separation between roles, activities, and
responsibilities in emergency procedures, without suffering from ambiguity due to free-form text. The plan is
converted into an executable form so that activities can be coordinated, executed, and monitored by a workflow
management system.

Considering the state of the art, the advantage of our proposal is twofolod:

• we improve the semantic layer by introducing a newEvent-Role-Responsibility diagram to facilitate discovering
roles and responsibilities in the context of specific event that may occur;

• we also propose a modelling notation for representing the plan in a semi-formal way that exploits de-facto
standard business process notations.

The proposed method is being currently developed in the context of the N.E.T.TUN.IT1 project, in which we aim at
implementing a fully operational platform for cross-border data collaboration to cope with shared risks and disasters
due to emergency scenarios. The project objective is that the Italian and Tunisian sides collaborate in the response
to a simulated accident impacting the nearby population by causing health risks as well as atmospheric and marine
pollution. In such a context, one of the challenges is that two different nations with different legal frameworks should
cooperate in an ongoing emergence; communication between partners should be clear and concise in describing
their intentions in a common and shared emergency plan, also clearly separating the responsibilities of each country
in the intervention.

This paper is organized as follows: at first, position our work according to the state of the art in emergency
management modelling notations. Then we present the two novelties of the paper: the Event-Role-Responsibility
diagram and the modelling notation to semi-formally represent the structured version of the plan. Finally, we discuss
the expected outcome of our research, then we summarize the work in the conclusions.

THEORETICAL BACKGROUND

Numerous studies in the literature envision ICT as a means to support emergency management systems. For instance,
the work of (Hilbring et al. 2018) is relevant because it enables integrating several heterogeneous information
such as data from sensors and Twitter data for an ICT platform for risk management. However, few systematic
empirical studies have investigated ICT utilization patterns among emergency management organizations and the
roles of ICTs in facilitating communication and coordination among organizations within the context of emergency
management networks (Hu and Kapucu 2016). Several recent surveys on using ICT in emergency management are
available (Grinko et al. 2019; Anita and Sukomal 2020; Timothy Coombs and Laufer 2018; Pennington-Gray 2018).

Emergency response plans are usually formulated in the form of natural language text. Inevitably, they may be
affected by ambiguities and/or imprecise descriptions related to the inherent characteristics of natural language.
Some studies found in the scientific literature point to the adoption of semiformal representations to allow the

1Net de l’Environnement Transfrontalièr TUNisie-ITalie (N.E.T.TUN.IT), Cross-border Cooperation Programme of the EU Community,
Italy-Tunisia 2014-2020, project started on 03.09.2020 and concluding on 31.12.2022 (extended deadline), https://www.italietunisie.
eu/projets/les-projets/nettunit/
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analysis and the validation of emergency response plans (Betke and Seifert 2017; Nunavath and Prinz 2015; Shahrah
and Al-Mashari 2017; Herrera and Díaz 2019).

A graphic representation, using appropriate notation systems, can provide a better understanding of the plans to the
operators who will have to implement the necessary actions to contrast the possible consequences of the incidents.

The scientific literature widely adopts the integration of natural language with standard notations and languages
such as the various Business Process Modelling Notation (BPMN) (OMG 2011), Case Management Model and
Notation (CMMN) (OMG 2016) and Decision Model and Notation (DMN) (OMG 2021). However, using such
languages to accurately and effectively model emergency response processes is still a major challenge that requires
both domain knowledge and process modelling techniques.

The study of (Betke and Seifert 2017), while recognizing all the advantages in adopting BPMN for contingency plan
modelling, also identifies some limitations: the standard elements of BPMN could not be sufficient to adequately
represent some typical requirements of disaster recovery management, such as information about resources and
their location. Therefore, they propose to extend the BPMN notation to include the role of resources, the distinction
between human and non-human resources, their interdependence, and relative properties.

Another interesting study (Nunavath and Prinz 2015) concerns the process of managing a fire that develops during
a music festival in Norway. This study argues that authorities and first responders can better understand and
implement plans expressed in visual and textual form, and thus, may be better prepared to deal with unforeseen
circumstances. The plan, reported in the study, focuses on the various roles of the organizations and how they
should interact. Again, the authors identify some problems in using the BPMN standard in modelling aspects such
as the duration of tasks.

In this direction, another study, by (Shahrah and Al-Mashari 2017), proposes replacing or complementing BPMN
diagrams with the CMMN notation, as it provides a more appropriate graphical notation for managing complex
cases in which several tasks must be implemented whose order of execution is unpredictable a priori in response to
evolving situations. The CMMN notation uses an event-based approach and the concept of case files and is perfectly
suitable to model the less structured parts of the work and those that are managed directly by experienced domain
operators. The combination of BPMN and CMMN makes it possible to cover a much wider spectrum of work
processes.

In our vision, this combination makes sense because the BPMN notation makes it possible to adequately model
traditional business processes that are characterized by a priori defined sequences of activities, whereas, the CMMN
notation offers more natural support for dynamic workflows, such as, for example, the process of responding to an
emergency, which is a knowledge-intensive process.

In an emergency response plan, there is also the need to make choices. To manage these decision-making operations,
the OMG has defined a language, the Decision Model and Notation (DMN), a standard notation to describe and
model decision-making processes. BPMN, CMMN, and DMN languages complement each other and can cover
the different areas of process management due to their characteristics. In the study (Herrera and Díaz 2019), the
authors propose to use the combination of these three notations precisely in the context of crisis management.

Considering the state of the art, our novelty is an approach that structures emergency plans in free-form text into a
standard business notation and allows executing and monitoring them by a software system.

THE PROPOSED APPROACH

We propose an approach to move from a free-text plan towards the execution of the corresponding supporting
workflow. The overall approach (Figure 1) is divided into three macro-phases are: 1) structuring the free-text
emergency plan, 2) modelling the emergency plan using standard business notations, 3) producing executable
workflows. The figure also shows this process grounds over four layers (linguistic, semantic, modelling, execution).
Currently, we are working on Phase 2, whereas the linguistic and semantic layers are already published in (Cossentino,
Lopes, Sabatucci, et al. 2021; Cossentino, Guastella, et al. 2022).

From Free-Text to Structured-Text Plan (Phase 1)

The objective of this phase is to manually process a free-text plan to reduce the ambiguity of the natural language
and to obtain a structured version of the same document, in which all the essential information are preserved and
organized and correlated. To this aim, we created a semantic layer that helps in defining what is important to be
preserved and which kind of relations are essential to be highlighted (Cossentino, Lopes, Sabatucci, et al. 2021).
We are in the context of emergency management, and in particular, we decided to focus on how involved persons
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Figure 1. The proposed process for transitioning from free-text emergency plans to executable plans.

organize for solving an emergency. This precise focus made us interested to understand human organizations more
than the precise nature of the emergency. This latter is important, but our model must describe which are the
involved actors, what are their roles and responsibilities, how they delegate a duty, and so on.

Studying these patterns of organization we were able to assemble the metamodel shown in Figure 2, accompanied
by useful instruments for extracting and deducing information from the text (tables of properties and sentence
template (Cossentino, Lopes, Sabatucci, et al. 2021)).
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Figure 2. The proposed metamodel at the base of the semantic layer of the proposed approach (redrawn
from (Cossentino, Guastella, et al. 2022)).

Structuring a free-text plan is challenging because this type of documents contains many kinds of redundancy,
ambiguity, synonyms, polysemy, coming from the use of the natural language. The proposed semantic layer allows
for creating a bridge between the linguistic analysis of the input text with the semantic layer (Cossentino, Guastella,
et al. 2022). After analyzing several emergency plans available from government websites, we assessed a lexicon
composed of lemmas and their synonyms. Each lemma is a word that (i) has a specific meaning for modelling
purposes, (ii) has many possible synonymous, (iii) is a correlated set of properties (detailed in the metamodel and in
specific tables of properties and in sentence templates).

We verified experimentally that the use of the proposed linguistic/semantic layer enables reducing the arbitrariness
in interpreting the plan, and facilitates producing a structured version of the same plan. However, the experiment
highlighted also the need to continue investigating linguistic analysis, especially for developing semi-automatic
support tools. Indeed, we are considering, for instance, to automatically expand the set of terms in the table by using
already available lemmas and corpora such as Wordnet (Miller 1995) or Babelnet (Navigli and Ponzetto 2010),
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where a large set of synonyms are freely available. We are also evaluating the use of free-text analysis methods such
as Twitcident (Terpstra et al. 2012).

The Phase 1 can be briefly summarized by the following manual procedure.

For each significant sentence in the input text (i.e. fragment):

1. Identify subjects, verbs, complements.

2. Identify actions (verbs of the metamodel or their synonyms from the Lexicon Table; see (Cossentino,
Guastella, et al. 2022)).

3. Match the actions with their corresponding lemmas.

4. Rewrite the fragment of text by using the sentence templates (i.e. a standard linguistic pattern related to the
corresponding lemma).

5. Verify that all words in the fragment have been properly considered and converted to structured text if they
are worth of.

This procedure is repeated until complete plan coverage, that is, until all significant words have been mapped to their
corresponding lemma (if necessary), then to the metamodel. Currently, the metamodel does not include concepts
related to spatial and temporal dimensions of the emergency plan. Therefore, we do not consider, for the plan
coverage, parts of sentences like "execute the action “in the proximity of the indicated place” or “after 𝑘 minutes
[...]”. These parts are currently added as unstructured portions of text as a special property of the action. In the
future, we plan to add a specific support for that.

To give an operational example of this phase, let us consider the following excerpt of an emergency plan written in
free-form text:

“In case of an accidental event that could affect the outside of the refinery, the Mayor can consider:

• disposing the use of shelter areas for the evacuated population;

• activating the municipal operational structures of the civil protection agency;

• arranging the transportation of the evacuated population.”

The objective of the plan (Cossentino, Lopes, Marchese, et al. 2021) is to secure population and to contain the fire.
The first step towards structuring the former plan is to identify the reference lemmas as in (Cossentino, Guastella,
et al. 2022): we use Order, Activate, and Arrange, respectively. For instance, we map "disposing the use of" in
the first phrase to the lemma "Order". Thereafter, we report the sentence templates for the previous lemmas (see
(Cossentino, Guastella, et al. 2022)):

➀ [authority] Orders [subordinate] to [do something/address an outcome]

➁ [owner] Activates [object]

➂ [owner] Arranges [object]

This example is made of simple sentences in the form of Actor-Action-Object phrases with a straightforward
interpretation. A trivial classification for the word functions exploits the grammar. We obtain the following
structured sentences by mapping the domain concepts to the template phrases:

❶ [Mayor] Orders [Head of Civil Protection] to [[Head of Civil Protection] Arrange [areas of shelter for the
evacuated population]] with Assignment

❷ [Mayor] Activate [operative municipal structures]

❸ [Mayor] Arranges [transport of evacuated population]
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The less trivial case of phrase ❶ requires a further actor “Head of Civil Protection”, which is not present explicitly
in the sentence. However, the sentence template leads to query who is the subject of the predicate ‘arranging areas
of shelter’. According to the plan (Cossentino, Lopes, Marchese, et al. 2021), we deduct that the order of arranging
areas of shelter for the evacuated population is issued to the head of the civil protection agency.

The metamodel (Figure 2) offers a relevant support in understanding the relationships among the entities and what
is to be identified in the free-text.

Figure 3 shows the class diagram representing the instance of the metamodel for the studied sentences ❶-❷-❸.
For the simplifying the reading, we here append coloured dots in some model elements to identify the reference
sentence. The connections among the elements allow establishing relationships between actors, resources, and
responsibilities. Consequently, the model aims at identifying “who-does-what” in the emergency response process.
It is straightforward to note that the obtained model is a structured, language-independent version of the discussed
emergency plan. The achieved result constitutes a significant step forward in structuring emergency plans. However,
it is of primary importance: (i) to have a rigorous method for validating the resulting model, and (ii) to have a rich
vocabulary of terms to enable modelling a wide range of emergency plans according to our proposal. We pinned
these two points in our research agenda.
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Figure 3. Instance of the metamodel for the extract of emergency plan.

Representing the Structured-Text Plan with a Modelling Notation (Phase 2)

The objective of this phase is to represent the emergency plan in a notation that enables the automatic execution of
the plan, eliminating any ambiguity of interpretation, clarifying tasks and responsibilities of each role, as well as
highlighting all criteria for decisions to take during the emergency.

The novelty of our contribution for Phase 2 is twofold: first, we introduce the Event-Role-Responsibility (ERR)
diagram, that helps in representing responsibilities, and then a procedure to convert a structured emergency plan into
a standard business notation. The main issue of this phase concerns the choice of which kind of language/notation to
use for modelling our emergency organization/plans. To tackle this issue, we combine different standard notations
for modelling business processes from different points of view (events, roles, responsibilities and activities).

The Event-Role-Responsibility Diagram

The semantic layer introduced in Phase 1 allows for representing the entities involved in the emergency management
according to the plan. However, this tool is not expressive enough to represent a point of view that is particularly
important in the emergency context: responsibilities (together with when they are triggered, who is their owner, and
the delegation chain, if any). We introduce the Event-Role-Responsibility (ERR) diagram to clearly represent
this aspect of the plan. This diagram, inspired by i-star social modelling (Yu 2009; Giorgini et al. 2003; Bresciani
et al. 2004), helps in catching the relations among these three elements that are of paramount importance in case
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Figure 4. Example of ERR diagram.

Figure 4 shows an example of ERR diagram related to the former example, even if we deducted many elements
from different parts of the document that are not reported here for the sake of space. The event “Actual risk outside
the facility” activates the mayor, which is one of the main actors in case of fire in the refinery.

The mayor’s responsibilities are informing the population, and evacuating the population in the proximity of
the accident area. The responsibility of the head of civil protection is to address a prompt evacuation of the
population. We remark that “Evacuate population” is present within the goals of both actors. Despite the mayor
having a responsibility, as supervisor, over the evacuation of the population, it delegates this goal to the head of
civil protection, which coordinates human resources capable of addressing this task. Therefore, we link the two
“Evacuate population” goals by a delegation relation, represented as a pink rounded rectangle between the two
involved roles. A pink rounded rectangle inside a role’s balloon indicates a delegated goal. The same is done for
“Publish information” goal, which is entrusted by the mayor to the press office, which is responsible for publishing
timely information on both the website and Twitter.

We use both instances of metamodel and ERR diagrams as the basis to convert emergency plans to business notation.

A Modelling Notation for Emergency Workflow

We propose a modelling notation for representing emergency plans that combines CMMN, BPMN and DMN
diagrams. In our approach, the first and higher-level view of an emergency plan is composed of a set of CMMN
diagrams, in order to emphasize the close relationship with a goal-oriented execution model. Commonly, we draw
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of an emergency since they define who is responsible for what (also according to law). This diagram allows 
modelling the hierarchy of dependencies and relationships among the responsibilities of the roles involved in a 
specific emergency. In the ERR diagram, we represent an event as a rectangle having an outgoing arc towards the 
role(s) involved in responding to what happened according to the plan. We represent the actor as a circle 
associated with a balloon, delimited by a dashed line, that represents the set of responsibilities of the actor. The 
responsibilities are decomposed hierarchically, starting from the main one; sub-responsibilities can be introduced 
and linked to the higher-level ones by logical operators (AND-OR). Actors can also delegate responsibilities: 
direct arcs between responsibilities indicates a delegation of responsibility. According to the metamodel proposed 
in Figure 2, we consider two different kinds of responsibility delegations: Entrusting where the responsibility is 
passed to another subject, and Assignment where the delegating authority maintains the responsibility, but the 
actions needed to fulfill that responsibility (and not the responsibility itself) are assigned to someone else.
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a different case diagram for each major actor involved in the plan. Such a diagram reports the tasks assigned to
the actor by the emergency plan also showing events that trigger its main parts. When necessary, we complement
CMMN with BPMN (to provide a finer level of details for portions of the plan that have a rigid structure without
degree of freedom). Moreover, decisions can be documented by using the DMN standard. Indeed, it is very
important to provide precise guidelines for decisions to the actors involved in the emergency. From the analysis
of the existing plans, we observed that natural language exposition sometimes created ambiguous and different
possible interpretations of decision criteria, thus exposing the involved personnel to the risk of mistakes when
operating under the stress of a real emergency.

Let us consider the structured plan represented as an instance of the metamodel in Figure 3, and the ERR diagram
reported in Figure 4. We now propose a simple procedure for mapping these input diagrams to one or more CMMN
diagrams, by performing the following steps:

• Identify Actors and Responsibilities

• Identify delegation of responsibilities

• For each Responsibility, identify sub-responsibilities and their relations

• Create one CMMN diagram for each actor (one per each actor/phase in case of extensive plans)

– Model trigger/exit conditions as events
– For each responsibility:

∗ Model the responsibility as a stage
∗ Model each sub-responsibility as a task

– Model each delegation as a task
∗ Label the task as “[Role] Assignment/Entrusting::Responsibility name”
∗ Put an exit criterion to the task
∗ Link the previous exit criterion to the milestone “Assignment/Entrusting notified”
∗ Connect the milestone to the next responsibilities or the corresponding stage

Figure 5 shows the CMMN diagram obtained by applying the previous procedure on a detailed version of the
former example. The event that characterizes the activation of the plan is modelled as a CMMN event, leading to a
milestone that identifies the state of the emergency and the corresponding alert level. Then, two stages are pursued.
Each stage features a task that delegates the following tasks to other roles. We introduce this formalism due to the
goal-orientation feature we aim to obtain from our model. We are aware that CMMN is not a goal-oriented notation,
but the way we use that, although compatible with the standard notation, makes it useful in the transition from the
previous models to the final executable version of the plan. This is also obtained thanks to the correspondence that
the internal stages and related tasks have with the responsibilities modelled in the ERR diagram of Figure 4. At the
end of the stages, the “Population informed” and “Population evacuated” milestones indicate that they have been
completed. This portion of the plan ends when the emergency procedure has been completed.

In our approach we decided to exploit the CMMN as the higher level view of the emergency plan. This choice
descends from the need to enable a mapping towards a goal-oriented execution of the model. Commonly, we draw
a different case diagram for each major actor involved in the plan. Such a diagram reports the tasks assigned to
the actor by the emergency plan also showing events that trigger its main parts. Often we also complement these
diagrams with BPMN models used to provide a finer level of details for portions of the plan that offer such a
possibility (as a matter of fact, many parts of emergency plans are described at a high level of detail, delaying
to the specific instantiation time the duty to detail the work to be done). Also, we use DMN diagrams when
decision-making activities must be described in detail. This is a very sensitive part of the model since it is very
important to provide precise guidelines for decisions to the actors involved in the emergency. From the analysis
of the existing plans, we observed that natural language exposition sometimes created ambiguous and different
possible interpretations of decision criteria, thus exposing the involved personnel to the risk of mistakes when
operating under the stress of a real emergency.

For the sake of conciseness, we omit examples of BPMN and DMN diagrams. The former is used to detail the work
to be done within a task depicted in a CMMN diagram, in other words we use that as the representation of a kind
of sub-process. Conversely, DMN diagrams are used when decisions are described in the plan (for instance the
decision whether to move to a higher emergency level) and the related criteria can be extracted from the text.

In the next phase, we will discuss how the proposed models can be used to automatically execute the plan.

WiP Paper – Applications, Tools and Components for Crisis Management 
Proceedings of the 19th ISCRAM Conference – Tarbes, France 2022 207 



M. Cossentino et al. From Textual Emergency Procedures to Executable Plans

Actual risk outside
the facility

Emergency
level: ALERT

Emergency
addressed

Dismiss
emergency
procedure

Population
informed

Population
evacuated

[complete]

[complete]

[occur] [complete]

[occur]

[occur]

[occur]

Figure 5. Example of CMMN diagram for the Mayor actor in the “Fire in refinery” emergency, Alert phase.

Executing Emergency Plans (Phase 3)

The last phase of the proposed approach consists in executing emergency plans. We are planning to exploit
MUSA (Sabatucci and Cossentino 2019), a middleware for self-adaptation for implementing dynamic workflows.
The peculiarity of MUSA is the adoption of run-time models for goals and capabilities and an engine (called
proactive means-end reasoning (Sabatucci and Cossentino 2015)) for generating a late service composition and
binding them to create several workflow solutions. MUSA enables coupling “what” (the goal to achieve) with
“how” (the concrete action). Let us suppose a goal for addressing part of the emergency, which bounds a specific
responsibility. A concrete action for this goal can be to communicate the state of the emergency to the involved
bodies via a particular communication channel. However, if an unpredictable malfunctioning occurs, the actors
involved in the emergency response must be promptly notified via an alternative communication channel. MUSA
can deliver run-time adaptation by providing alternative solutions to malfunctioning tasks to address the emergency
workflow in case of unforeseen situations.

Figure 6 shows the main steps of the execution of the MUSA middleware. The input of this architecture is the
emergency plan resulting from the previous phases, opportunely converted in a language for specifying user-
requirements and constraints (Sabatucci, Ribino, et al. 2013). When goals are injected (step ❶), MUSA organizes a
solution by finding a functional bridge between goals and capabilities (step❷), and then commit to the orchestration
of the resulting workflow (step ❸). Thereafter, the environment is being monitored to check for the eventual
parameters that could have an impact on the execution of the committed solution (step ❹). These parameters can be
acquired from a physical environment through IoT sensors, or from a virtual environment containing first-order
logic predicates resulting from the execution of the capabilities involved in the workflow. Finally, MUSA executes
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Figure 6. Execution and monitoring of an emergency plan using MUSA.

the capabilities (step ❺). Failures in the execution of capabilities lead to a dynamic reorganization of the solution,
which is driven by three factors: service/human failure and unexpected state/unpredictable event. The human
failure case is distinctive: in crisis management, most of the tasks are carried out by human operators: MUSA
should manage task assignments and monitor task execution over time. As stated by Barthe-Delanoë et al. 2018,
the human factor can also dramatically slow down the process of analyzing, combining, or even exchanging data
during disasters. Therefore, having humans in the loop makes uncertainties arise in emergency response: are
operators not responding because they are busy with other operations, or is there a delay in communication? Has
the emergency team completed its assigned tasks or are there any communication problems? On the one hand,
network overhead can cause problems in delivering data; on the other hand, there may be human error, as the
operator can forget about transmitting data about the progress of the emergency response. A faulty information
transmission could lead to erroneous coordination of rescue activities, putting people’s lives at risk. To tackle this
problem, we envision considering self-healing techniques to recover from erroneous behaviors and avoid misleading
information (Guastella and Pournaras 2021).

DISCUSSION

The outcome of our research is an operational platform for the coordination of cross-border emergencies between
Italy and Tunisia; our proposal is intended as a technological means for the coordination of such activities obtained
from emergency plans which are generally provided in a free-form text. The semantic layer allows leveraging a
common operational context among cross-border organizations in Italy and Tunisia, which are subject to distinct
legislative frameworks. The defined notation provides the end-user with a tool to model an emergency plan by
avoiding the issues of free-form text, such as ambiguity of interpretation, and clarifying tasks and responsibilities of
each role. This also enables communicating promptly the actions that must be carried out by competent bodies,
which is of great advantages compared to the use of emergency plans in free-form text.

On the execution layer, the use of the MUSA system will provide a means to coordinate activities considering the
unpredictable dynamics of events in an emergency. This requires MUSA to continuously adapt to new unforeseen
contexts. In the emergency domain, adaptation is a fundamental requirement due to uncertainties arising from
the dynamic nature of emergencies or because of human errors. Let us suppose a human activity of reporting the
status of the incident. If the human operator forgets to report or the communication channel is not working, MUSA
should detect this issue and find an alternative task (one or several) that addresses the same goal. It is easy to see
that MUSA must operate in a highly dynamic context, according to several constraints such as time or resource
availability. In the former case, we are currently investigating the use of temporal constraints, mainly applied to the
BPMN notation (Cheikhrouhou et al. 2015; Cheikhrouhou et al. 2014).

In NETTUNIT, we are currently defining a simulation on a shared case study between Italy and Tunisia to show the
capability of MUSA in addressing prompt coordination of activities modelled through the proposed notation.

CONCLUSION AND FUTURE WORKS

This work proposes an approach for converting emergency plans into a free-form text to standard business process
notation. We discussed the overall plan to address the long-term objective and then we focused on two improvements:
the Event-Role-Responsibility diagram facilitates focusing on specific aspects of the emergency document that
are not disclosed in the procedural part of the plan. It rather helps in the identification of roles that play some
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responsibility in case of a specific event and how these responsibilities are delegated in the organization, thus
generating a chain of command. The second contribution is a notation, a combination of de-facto standards in
business process, that we use to describe the plan by maintaining the right degree of freedom that will be exploited
in a subsequent adaptive execution.

In our future works, we aim at investigating the use of semi-automatic text conversion techniques from the scientific
literature that could facilitate the task of translating and analyzing the complexity of a text. This latter task is crucial
to identify parts that can be simplified, leading to an easier modelling operation. Tools like WordNet (Miller 1995),
Babelnet (Navigli and Ponzetto 2010) and Twitcident (Terpstra et al. 2012) will be useful in this phase. A further
objective is the analysis of polysemic words in free-form text emergency plans: a polysemic word is a word that has
several (and possibly different) meanings. The use of such words is challenging because of the uncertainties in their
meaning; this could be solved through the analysis of the context.

We also aim at providing support for the execution of plans opportunely modelled through the proposed notation.
Our goal is to produce executable workflows to coordinate the activities of an emergency plan. The challenge is that
the structured-text document will be the input to model the plan by using a notation that could be injected into some
workflow management system and automatically executed. The definition of such a notation is challenging because
it must support diagrams that are understandable by human operators (that are not necessarily ICT experts), and at
the same time structured in such a way that they can be executed by a software system. This is not the case for
classical business notations. For instance, using BPMN notation is not the most pertinent choice, as diagrams can
be difficult to understand for humans while being executable by software systems. Contrarily, CMMN diagrams
provide a high-level, goal-oriented view of an emergency plan while not being directly executable by a software
system.

In the context of the MUSA system, we will investigate self-adaptation mechanisms for tackling unpredictable
situations such as environmental changes or human errors. In this case, the role of the workflow management
is to monitor, predict and promptly arrange a solution to tackle these issues and ensure a rapid response to the
emergency. We also consider integrating environment data (spatial-referred representation of the environment
and involved assets), to provide punctual information to help in the decision-making process and assess better
emergency response.
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ABSTRACT 

Flooding events are more impactful due to climate change, while traditional top-down approaches to flood 
management give way to new initiatives that consider citizens and communities as active strategic actors. 
Researchers and practitioners have started to place communities in the centre of creation processes or invite them 
to co-design digital platforms. However, many citizen science projects re-use well-known technological 
components without reflecting about how the technology is able to effectively support citizen participation in data 
generation, including the provision of flexible data storage and exchange. This paper describes a novel digital 
platform design which adopts cloud services to integrate official and citizen-generated data about urban flooding. 
It summarises the results of a participatory design process of a digital platform to collect, store and exchange 
flood-related data, which includes components such as data lakes, Application Programming Interfaces (APIs), 
and web and mobile interfaces. This work in progress paper presents insights and lessons learned from using cloud 
services to enable citizen participation and engage communities with flood monitoring.  

Keywords  

Flood monitoring, communities, citizen-generated data, cloud services, citizen participation. 

1. INTRODUCTION 

Among the multiple consequences of climate change, flooding events now show higher frequency, intensity and 
overall impact. Communities worldwide increasingly face flooding, but vulnerable communities, people living in 
informal settlements, are mostly affected by socio-economic impact and human losses (Dottori et al., 2018; 
Williams et al., 2018). Official authorities have traditionally carried out flood management, monitoring and data 
production. However, the advances in information and communication technology have increased the involvement 
of citizens in flood management, turning them into strategic actors capable of working to improve monitoring and 
response schemas (e.g., joining local governance schemas, building adaptation capacity and enhancing flood 
awareness). As a result, communities are increasingly placed in the centre of design processes and invited more 
often to co-design and co-produce information systems and high-resolution data.  

In addition to community engagement in flood management, data and user interaction technologies have evolved 
significantly in the last two decades. Also, citizen participation is encouraged and technically possible through 
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technologies based on cloud services that simplify data storage and exchange across multiple formats and 
structures. This work in progress attempts to provide insights and lessons learned from the exploration of using 
cloud technologies in citizen science and processing of citizen-generated data and official data sources for flood 
monitoring and data generation.   

In the pursuit of this goal, the team developed software components to ingest, store and publish flood-related data 
produced by citizens and authorities. These components are needed to manage multiple data formats and schemas, 
so the proposed platform builds upon cloud services to manage, clean, transform and integrate data. The 
architectural design considered the efforts to engage citizens and practitioners with information technology as a 
tool to reduce the impact of flooding in Sao Paulo and Acre in Brazil carried out as part of the international research 
project "Waterproofing Data: Engaging Stakeholders in Sustainable Flood Risk Governance for Urban 
Resilience". Additionally, the architecture included user interfaces (e.g., the mobile application “Dados a prova 

d’água” and a web portal).  

This paper contributes to increasing the knowledge about the integration of cloud-based technologies in citizen 
science, particularly by reviewing the benefits of cloud services to integrate data from multiple sources and reduce 
the time needed for development and deployment of data-driven platforms. The results describe the architecture 
to process and integrate citizen-generated with the official flood-related data (e.g., areas susceptible to flooding 
and historical rainfall records). The relevance of this work stands in the reduced time to develop and deploy 
information platforms for citizen science projects and the simplified management of the infrastructure involved. 
Reduced times and simplified processes can help communities replicate the approach and positively impact citizen 
participation and citizen-driven data production.  

The paper is structured as follows: Section 2 depicts the related work on citizen-generated data production and 
current data services available from cloud providers. In Section 3, the participatory design process applied in the 
project is described which has driven the architectural design. Section 4 discusses how cloud services can support 
the requirements while implementing data flows to connect the endpoints (i.e., data sources and user interfaces). 
Finally, the paper describes insights and lessons learned from the results obtained, which were achieved with the 
help of citizens from São Paulo and Acre in Brazil, whilst also discusses the contributions to the fields of 
information technologies and citizen science and highlights directions for future work.  

2. RELATED WORK

Our project stands between two complementary research fields. First is the engagement of communities and 
citizens in scientific duties, usually named citizen science or citizen-generated data production. Second is the 
adoption of cloud computing for data integration, especially the architectural design based on cloud services to 
enable and optimise data pipelines.  Although both fields have been present in the academic literature in the last 
decade, we combine them to strengthen citizen science. For example, researchers find novelty in establishing a 
cloud-based architecture to complement official flood-related data with citizen-generated data. 

2.1. Citizen Science and Citizen-Generated Data Production 

Citizen science, defined as the participation of people from outside professional organisations in data collection 
and analysis, is an important and growing trend in scientific practice (Bonney et al., 2009; Phillips et al., 2021) 
and disaster risk management (Marchezini et al., 2018). This participatory form of carrying out scientific activities 
has great potential to advance knowledge, generate a shared understanding of hazardous phenomena, provide early 
warning of hazards, and help communities at risk to take actions to improve their resilience during and after 
disasters (Hicks et al., 2019).  

Such participatory science has also been used to provide valuable data in flood risk management. For instance, 
citizen science is being used to fill the data gaps and increase understanding and assessment of flood hazards at 
the local level, particularly in areas with scarce measurements of past events (Sy et al., 2020). In fact, flood is a 
privileged theme in citizen science initiatives globally (Chari et al., 2019; Marchezini et al., 2018).  

2.2. Cloud Services for Data Management, Storage and Exchange 

In the last decade, cloud computing or cloud services have called scientists' attention when working in data 
management, data analytics, and computer sciences (Kobusińska et al., 2018; Wu et al., 2020; Yang et al., 2017). 

Among other research fields, data integration and automated development and operation DevOps have expanded 
to fields within academia (Munappy et al., 2020). Moreover, current architectures for information technologies 
and data-driven applications might take cloud services for granted. However, strategies such as citizen-generated 
data production have not fully embraced the cloud (Sturm et al., 2018).  
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Existing work around data pipelines (Roman et al., 2021), data integration (Dong and Rekatsinas, 2018), 
automated development and operation, known as DevOps, and automated data production and operation, known 
as DataOps (Munappy et al., 2020), provide insights into the benefits for optimising data management in 
community-led strategies and integrating heterogeneous data sources. For example, automated data integration 
worked for structured data sources but streamlining it to semi-structured and non-structured data sources matches 
the different scenarios in which communities and citizens struggle to make sense of data (Phillips et al., 2021; Wu 
et al., 2020). These potential benefits make cloud services appealing to official authorities regarding data 
management, storage and exchange since they can operate decoupled from components but still make integration 
possible (Chari et al., 2019).  

From the related work reviewed, the authors see an opportunity to build upon the existing knowledge in citizen 
science and information technologies. Considering citizen-generated data a new high-resolution source capable of 
complementing official flood-related records is a novel approach worth analysing (Sy et al., 2020). Researchers 
have multiple opportunities to develop this work further based on the existing progress going from the technical 
development and the different component arrangements (Liu et al., 2011; O’Grady et al., 2016) to the validation 

methodologies needed to ensure data quality and integrity (Balázs et al., 2021; Kelling et al., 2015). Our work in 
progress innovates in designing a hybrid platform for data pipelines that integrate citizen generated data into an 
existing analysis platform of flood-related data. These contributions emerged from this work in progress, and, to 
the best of the team’s knowledge, they have not yet presented in the literature.  

3. DATA AND METHODS

This section describes conceptual and methodological building blocks used to integrate citizen participation and 
citizen science with flood monitoring. This approach aligns with a general aim of integrating citizens and citizen 
generated data in social processes and decision making (Conrad and Hilchey, 2011; Eleta et al., 2019). We, 
therefore, present in detail the participatory design carried out to define user needs and how these were translated 
into data flows. Later, we present the technology and cloud services considered as well as the proposed architecture 
to enable participatory flood monitoring.  

Considering that the case study of flood monitoring is well-grounded in data management practices and a good 
testbed to combine data-driven and dialogical research methods. The platform's underlying concept was "data 
flow" due to the idea of moving data between stakeholders and improving decision making (Matheus et al., 2020). 
To define the most convenient arrangement of components (i.e., the architecture), the research team engaged 
stakeholders from the community (e.g., teachers, students, and all those living in the neighbourhood) to integrate 
their perspectives of the flooding events, record their perceptions through a platform and complement authoritative 
data sets.    

3.1. Participatory Design Process 

The participatory design process, particularly the one leading to designing the mobile app “Dados a prova d’água” 

(Waterproofing Data), was inspired by the critical pedagogy proposed by Paulo Freire in which educators and 
learners – in our case, researchers and citizens – collectively discuss and problematise citizens’ reality (Freire, 

2000). This approach has been commonly used to promote learning and develop critical awareness during the 
educational/research process, but in our project, we adopted the principles of critical pedagogy for citizen science 
activities (Porto de Albuquerque and Albino de Almeida, 2020). Following this, the platform design is the result 
of an underlying development of community engagement activities in the study area. These activities allowed 
researchers to understand residents’ worldviews, how they perceive, understand the research topic (i.e., flood 

events) and their demands. 

After these engagement activities, the team conducted a focus group with the residents to elicit the requirements 
of the mobile app. The focus group aimed at bringing together scientists, developers and community residents to 
discuss the existence (or lack) of flood-related data from the study area and the way the app could enhance data 
production and circulation as a pathway for transformations to improve resilience and sustainability (Porto de 
Albuquerque et al., 2021).  After some time, the participants were able to reflect about their reality and develop a 
critical consciousness about their present situation regarding the lack of flood data. Later, groups of participants 
discussed problem-solving alternatives and suggested different data and functionalities they would like to have in 
a mobile app. Researchers then asked (provocative) questions to instigate the participants. Finally, the participants 
presented the outcomes of their discussions. As a result, the focus group activity based on the residents’ reality 

contributed to the increasing of participants’ critical awareness of flood events, engendered interest in the mobile 

application. 
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3.2. Data Flows and Integration 

Data flows are considered one of the platform's building blocks (Rawat and Narain, 2019) since they allow data 
to move from the communities to the authorities and complement the existing top-down information flow 
(Matheus et al., 2020). The research team worked with the communities, schools and practitioners to identify data 
sources to describe flooding in two cities of Brazil. The communities produced flood-related data and complement 
authoritative sources through six different data flows. The first two data flows emerged from a strategy to produce 
self-made rainfall gauges with plastic bottles or pluviometers (named pluvipets) and deploy them across five 
country regions (i.e., the states of Santa Catarina, Acre, São Paulo, Mato Grosso and Pernambuco). Trained school 
teachers and students reported daily the rainfall measures registered with their self-made pluviometers. The next 
two data flows allow citizens to share perceptions of rain and flooding events with a precise location, description 
and photos. The last two data flows capture past flood memories and perceptions from citizens.    

These citizen-oriented data flows, listed in Table 1, would provide a different view of flooding and complement 
the existing monitoring networks while engaging communities with flood monitoring. Additionally, three 
complementary flows integrate authoritative or traditional flood data: Official rainfall monitoring through the 
official rainfall gauge network, hydrogeological delimitation of susceptible areas based on physical variables and 
geological studies and, future development will integrate weather forecasts.  

Table 1.  Identified data flows  

Source Flow Description 

Citizen 
Generated 

Pluviometer 
registration 

A citizen reports a self-made pluviometer. It includes the location and description. 

Rainfall Measure A citizen reports daily rainfall measures from a self-made pluviometer. All recorded 
values are available to view and update.  

Rain Event Any citizen can report a rain event. It includes location, description and sometimes 
images.  

Flooding Event Any citizen can report a flooding event. It includes location, the transit condition, 
description and sometimes images.  

Flood Memories Any citizen can report a flood memory described in their own way. It can be textual 
information about the event and contain images or videos of the event.  

Flood Perception 
Map  

Any citizen can report their perception of an area during flooding classified into 
Overflow, Elements at Risk and Overall Areas  

Authoritative Rainfall records  Authorities running monitoring networks provide periodic rainfall measures. Citizen 
generated data will complement official records.  

Flooding areas  A hydrogeological study provides areas susceptible to flooding and landslides. The 
areas provide a context for citizen reports and official rainfall records.  

Weather forecast To be developed. Official and private providers generate short-term weather forecasts 
to notify citizens.  

The team also carried out a four-month testing process to assess the functionality of the app and allow them to 
provide feedback on its usability. The Centre for Studies in Public Administration and Government 
(CEAPG/FGV) and CEMADEN Education Program at the Brazilian National Early Warning and Monitoring 
Centre for Natural Disasters/Ministry of Science, Technology and Innovation organised the participants. Partners 
run the activity under the name “WPD++ Waterproofing data citizen science: pollination of a mobile app in 
communities”. Testing activities involved 21 'pollinators' (i.e., trained champions in charge of recruiting and 

monitoring the activities) and 200 participants from schools and civil defences in municipalities in five country 
regions.  

3.3. Software Components 

The team evaluated the related work in the field of citizen science, the main cloud service providers (e.g., Microsoft 
Azure, Amazon Web Services, Google Cloud) as well as consolidated web architectures to identify alternatives to 
building up a data platform able to support data flows. Based on the evaluation, the team started to group 
components to support functionalities and interactions presented in Figure 1. Firstly, clients' support for interaction 
required ingestion and query of flood-related data. To connect clients (e.g., mobile and web applications) and 
official endpoints (i.e., other official providers), the platform’s back end is needed to ensure citizens and 

authorities 
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can store their data properly and access it after integration. Also, all data assets must be stored safely and made 
available despite their format, structure or source. To optimise storage, the team combined a PostgreSQL relational 
database for quick execution of predefined queries and non-SQL storage to handle ingestion of heterogeneous 
data and records.  

Data ingestion relies on a server-less pool of functions (i.e., MS Azure functions) that handle requests, data 
processing pipelines and dynamic loads. These functions store ingested JSON files into a data lake (i.e., MS data 
lake storage) and then process them to feed the PostgreSQL relational metadata-oriented model. Data query relies 
on a Node.js web API that executes dynamic queries in PostgreSQL to prepare small data sets for mobile and web 
clients. The team combined a server-based Node.js instance with a scalable azure functions pool as shown in 
Figure 1 to achieve the tight times for development. On the one hand, the combination optimised the capabilities 
of the development team to quickly deploy a Query API to interact with client requests and, on the other hand, 
deploy an interface to ingest data directly to the data lake.  

Figure 1 Proposed platform architecture 

To integrate citizen participation and flood monitoring and, in general, integrate citizen-generated data decision 
making, the approach considered the participatory design to select components and cloud services aiming at 
enabling participatory flood monitoring and supporting the identified functionalities. Using the underlying 
concept of "data flow" researchers worked on designing a data platform to engage stakeholders with data 
production (e.g., by recording rainfall measures, reporting flooding events, memories, and perceptions) to enhance 
official data and provide a comprehensive vision together with vulnerable communities.    

4. RESULTS

The results report on the technical process of implementing pipelines using cloud services (i.e., Microsoft Azure's 
python-based ingestion functions), data lake storage and a metadata-oriented database to ingest and process data. 
Additionally, results describe how client interfaces connect the pipeline endpoints and access processed data 
through dynamic SQL queries. There is a special emphasis on the role of the mobile app and the collaborative 
design used to define functionalities and user needs. Finally, this section compiles the work in progress results on 
how cloud technologies, especially the proposed hybrid architecture (i.e., cloud and serverbased), help integrate 
citizen participation and flood monitoring.  

4.1. Data Pipelines 

Data pipelines are considered as implemented data flows within a platform integrating interfaces or APIs dedicated 
to data ingestion, query and publication, together with other authentication functionalities. Table 2 depicts the 
pipeline's definition, endpoints, and interfaces. In this context, the team implemented the pipelines through 
Microsoft Azure functions that receive data in JSON formats and store it in the data lake. Likewise, these functions 
trigger validation and processing flows to prepare data for mobile and web interfaces. Design choices were about 
a cloud provider that supported integration, authentication and transformation services and allowed the team to 
focus on optimising data flows.   
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Data pipelines served for two main tasks as explained in Table 2: data integration and data access. For data 
integration, pipelines ingest based on user requests (i.e., when a mobile app user reports a new event) or periodic 
updates for official sources (i.e., regular updates for rainfall stations and on-demand for susceptibility areas). After, 
the pipeline quickly checked format and saved into the data lake, integration tasks later extracted key features to 
dispose data through the API. Data access operates via on-demand requests and notification updates while the 
clients call functions that execute parametric queries and start a subscription (i.e., initialising web sockets) for 
insert and update events. One complementary API controls authentication for the mobile and web interfaces. 

Endpoint Pipelines Accessed via 

Azure functions Handle requests and JSON files send through the mobile app. The 
function saves all the files in the data lake and triggers data 
validation for data flows: pluviometer registration, rainfall 
measure, flood event, rain event.  

Mobile / Web 

Azure Pipelines / Handle automated requests and ingestion of official rainfall  Data Lake 
Azure functions  measures. They capture data from stations in two states in Brazil so 

far.   

Ingestion of susceptibility to flooding areas was not automated.  Ingestion 
of weather forecast not developed yet.  

Node JS API A Query API handles requests for citizen-generated and official 
data flows: registered pluviometers, rainfall measures, flood 
events, rain events, susceptibility to flooding areas.  

Mobile / Web 

A second API allows the web portal to save flood memories and 
query those memories and the flood perception map  

Web 

Auth API Handles user authentication across the platform. It does not 
include authentication for azure functions  

Mobile / Web 

4.2. Mobile Application 

"Dados à Prova d’Água" is a mobile app serving as an interface of the Waterproofing Data project. It aims to 
enable the generation and circulation of flood-related data between communities and government agencies. The 
app was co-designed with communities from two cities in Brazil affected by floods and materialised a subset of 
the requirements identified. The app allows citizens to register their gauges and record periodic measures. 
Considering that most citizens do not have access to this kind of instrument or know how to use it; thus, they can 
use the app to provide the intensity of rainfall events instead.  

The app also serves to make flood events visible to local authorities and other citizens. Therefore, citizens can 
provide data regarding flooded areas in the app. Another type of data that is often lacking is the water level in the 
riverbed and now citizens can provide this data through the app. The above-mentioned considerations were the 
foundations of the data flows, such as rainfall measure, rain and flood events and others listed in Table 1. 
Additionally, most participants did not know where and how to access official flood data; thus, they suggested 
including two official data sources: data from authoritative rainfall gauges and data regarding flood prone areas. 
By having access to both data sources, citizens would know which areas they should avoid in the case of a heavy 
rainfall event and look for alternative routes to go, for instance, from work to home. 

Finally, users can combine the various sources and use the app as a "situation room". Moreover, citizens can access 
data based on user location and pre-defined parameters due to interface connecting the app and the query API. 
The final design comes out from the co-designed process and the later validation with the communities.  
Figure 2 shows how the visual components present data and allow data to report through the mobile app interface. 

WiP Paper – Applications, Tools and Components for Crisis Management 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022  

218 



Pajarito et al. Enabling Participatory Flood Monitoring Through Cloud Services 

Figure 2 Mobile application user interface 

4.3. Web Portal 

The team developed a web portal as a second user interface to offer a complementary view of the flood-related 
data generated in the project as seen in Figure 3. With a single view of different data types, the web portal provides 
researchers and authorities with a better understanding of data and the gaps in knowledge. In addition, sharing 
citizen-generated experiences and authoritative data is relevant to understanding the role of data integration and 
community engagement within the project. However, the team faced additional difficulties in visualising different 
ranges, categories or points in time for the data flows listed in Table 1 within a geographic context (i.e., every data 
set became a geospatial data layer). The classification of different data sets based on their source (i.e., Official or 
Citizen-generated) controlled through a map-based application allows officers to explore and understand the 
integrated data in tandem with their crisis management tasks. 

Figure 3 Web portal user Interface 

5. DISCUSSION

To develop the project, the research team adopted an iterative agile development process that considered tasks for 
identifying needs and functional requirements together with the community members, data flow modelling, and 
selecting suitable components to develop and adapt. The process served to start a dialogue between citizens and 
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stakeholders involved in flood management. This piece of research stands as an initial step to improve flood 
monitoring through cloud services while the proposed architecture helps to enable flood data production. 
Additionally, the two interfaces offered alternatives for visualising and analysing flood-related data. These are 
still early outcomes and a first step towards achieving improvements in flood monitoring. The adoption of cloud 
services made the case study rich in experiences  to enable flood data collection and visualisation. Unlike 
traditional citizen science initiatives, this project aimed to incentivise citizens’ participation through data 

generation in two moments. The first one – analysed here – is on the co-development of an interface and 
establishing general design principles whereas the second one is the data collection process. The team continuously 
reviewed the design principles emerging from the joint work of communities and researchers. This 
interactionresulted into an interface design and a set of requirements for data integration. The data flows listed in 
Table 1 were implemented through "data pipelines", whereas the lake storage component played a role in data 
ingestion, storage, and transformation. Technical advisors and researchers agreed on the data lake’s potential to 

drive new research around ingesting citizen-generated and improving formatting or data cleaning tasks. Initial 
benefits achieved were related to the time saved in ingesting and structuring data. Another interesting idea to 
develop further is the combination of the data lake with a metadata-oriented database to manage storage, cleaning 
and processing tasks, simplifying data queries.  

The team also found practical benefits from adopting the hybrid architecture that can be grouped into coding and 
combining multiple languages and frameworks. First, the time to develop the platform was shorter when ingesting 
multiple data formats despite their complex structure. Second, the platform is flexible by design as it integrates 
various programming languages and frameworks. It is possible to streamline the integration in the future of visual 
and codeless languages. This flexibility is common in different cloud providers (i.e., MS Azure) and from the 
citizen science perspective, it can lead to development teams working for components based on their skills.  

The described benefits rise considerations for sustainability, maintenance and migration. However, balancing the 
pros and cons of novel and agile development approaches is also an interesting aspect investigated within this 
knowledge area. Projects adopting hybrid architectures have faced comparable results as the works of Wu et al. 
(2020), Liu et al. (2011) and Kelling et al. (2015).  Since the final solution adopted a hybrid approach that combines 
server and server-less components, the team needed stronger coordination and more accurate documentation. In 
addition, server-based components took advantage of developers' previous experience, whereas cloud-based 
components forced team members to innovate and face a learning curve for novel approaches. The platform also 
considered non-functional requirements derived from the communities' environments. For example, designing 
lighter user interfaces and releasing them from handling business logic was especially important for mobile users 
in deprived communities that might have low-end or old devices with technical specifications unable to run 
demanding apps. In addition, for data science projects, it is crucial to know the devices available prior to designing 
the architecture. This understanding can directly come from community engagement, their involvement with 
citizen-generated data production and the periodic assessments with members of the user communities.  

The discussion around non-functional requirements also covered time and privacy constraints. Since the team had 
a tight schedule for development and launch, they had to review the requirements, coordinate back-end and front-
end development, and quickly agree on contracts ruling the API services. Additionally, the need to comply with 
the recently adopted general personal data protection law (known as LGDP from the acronym in Portuguese) 
impacted data treatment and storage within the Brazilian borders. Therefore, the international research team 
decided to allocate and isolate cloud services accordingly, bypassing the restrictions of on-premise deployments. 

Considering project stakeholders, especially authorities and technicians currently working on flood management, 
the team analysed the benefits and challenges the proposed platform in day-to-day work. The most evident 
advantage comes from the option to visually identify the gaps between official flood data and citizen generated 
data. The combined information can serve to compare the water levels registered by residents in the street (i.e., 
represented by blue circles) in different locations during stronger flooding and the polygons of areas susceptible 
to flooding (i.e., represented by blue polygons) as shown in Figure 4. These comparisons and the user interface 
most suitable for the different audiences are still topics to cover in future research.  
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Figure 4 Example of citizen-generated and official data comparison 

This research has served to identify challenges of integrating cloud-based and hybrid architectures and frame 
future research, partner's requirements and other platform needs. The two final considerations were about 
operational costs and the technical skills demanded. These two are access barriers faced by community-led projects 
and relevant issues to address in future research.  

6. CONCLUSION AND FUTURE WORK 

The project set an overarching goal of building up a platform to store and exchange flood-related citizen-generated 
and authoritative data. By integrating the communities as part of a dialogical process, citizens and researchers 
agreed on jointly defining the requirements of a mobile app that would serve to interact with the data platform and 
complement official data. The paper presents the progress made in designing a platform to integrate citizen-
generated data and flood monitoring, especially highlighting the results from the participatory design to define a 
user interface and select components to enable participatory flood monitoring. Using the underlying concept of 
"data flow", researchers worked on designing a data platform to engage vulnerable communities and traditional 
stakeholders with data production and circulation.    

The innovative approach of engaging citizens in designing data platforms provided insights into participation 
strategies for future citizen science initiatives. Although most of the outcomes have been positive, the approach 
implied considerable learning and resource availability (i.e., access to cloud platforms, basic understanding of 
cloud services and software development skills). Therefore, involving communities in citizen science projects 
should come with the support needed to identify requirements and components as part of the data platform 
development. Future works might consider preparing tools, documents or boot camps for communities and 
researchers interested in engaging communities with data collection or flood monitoring.  
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ABSTRACT 

Situation awareness is created through the dynamic process of perception and action and serves as a foundation 
of overall performance throughout many different domains, such as education, military operations, air traffic 
control, driving, search and rescue, and crisis management [Endsley, 2006]. Information sharing is an important 
factor to be consider in situation awareness. In this paper, we present how tools can support information sharing 
in crisis management. So, we study how crisis management team dealt with two exercises using firstly whiteboards 
and secondly, CRIMSON a digital decision support tool.  

Keywords 

Situation awareness, Information sharing, crisis management decision making 

INTRODUCTION 

It is becoming increasingly evident that awareness is critical to successful collaboration and provides a context 
for individual activities that facilitate group. Awareness was described as perceiving the practices of others, which 
gives a setting for your own practices [Dourish & Bellotti, 1992]. This context is used to guarantee that singular 
activities and participation are essential to the group’s activity in general and to assess individual actions with 
respect to group missions and advancement. Moreover, this information enables groups to conduct and maintain 
collaborative activities [Belkadi et al., 2013]. Different types of awareness have been identified especially in 
CSCW studies [Stanton et al., 2017]. For instance, we can note, activity awareness that is described as perceiving 
what is going on around you and involves being aware of the objectives and plans of collaborators [Carroll et al., 
2006] and Situation awareness that is created through the dynamic process of perception and action and serves as 
a foundation of overall performance throughout many different domains, such as education, military operations, 
air traffic control, driving, search and rescue, and crisis management [Endsley, 2006]. More succinctly, it has been 
recognized as an essential element in decision-making in dynamic and complex situations [Endsley, 1995]. In this 
paper, we study how shared information support tools can help in crisis situation awareness. Our main research 
question is: how digital and non-digital tools can help to obtain common perception of the crisis situations at 
different times. We analyze two exercises of crisis situations using the PRESAGES Crisis management exercises 
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Platform1. The first one is without any digitals tools and the second one with digitals information sharing support 
tools. We present in the following the results of this analysis.  

ORGANIZATION OF CRISIS MANAGEMENT IN FRANCE 

 Several actors are involved in crisis management from national to city levels (Figure 1In fact, dependent of the 
gravity and the spread of the situation, the mayor of the city is firstly the responsible of the population safety, the 
city government delegate and the department president can then be concerned by the crisis management. If needed, 
national organizations and ministers will be involved and take the lead in the strategic level. At operational one, 
different actors contribute to face problems. We can note especially emergency and medical actors (hospitals, 
ambulances, emergency departments, Health organizations), firefighters’ organizations (national and local ones), 
police organizations, social and civil safety associations (Red Cross, Civil protection, White cross, social Media 
analysts, …) and public communications societies (TVs and journals).   

Figure 1. Organization of crisis Management in France 2 

SITUATION AWARENESS IN CRISIS MANAGEMENT 

The human factors community has generally discussed the concept of situation awareness. Situation awareness 
refers to the instant state of knowledge in the world that an individual requires to maintain a complex system or 
activity. Endsley defined it as “the perception of elements in the environment within a volume of time and space, 
the comprehension of their meaning and the projection of their status in the near future" [Endsley, 1995]. 
Researchers in different areas have determined that expert decision-makers start with classifying and 
understanding a situation, and proceed then to decision making [Endsley, 1995; Kulyk et al., 2008]. However, 
regardless of the adopted definition, the ability to acquire situation awareness as well as the ability of 
understanding and projection is not necessarily identical for different people who have perceived the same 
information. This ability depends on the individual information processing mechanism which is related to the 
personal capacity, experiences, and training.  

Situation awareness has vital importance in collaborative environments since it can improve team performance 
by improving the quality of made decisions [Endsley, 1995]. In crisis management, establishing a high level of 

1 https://isga.utt.fr/plateforme-presages-1 
2https://www.gouvernement.fr/risques/dispositif-orsec. 
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situation awareness is fundamental to lessen undesirable consequences. This awareness may help to anticipate 
unexpected scenarios and prepare adequate plans. In numerous rescue operations and emergency response training 
programs, students are shown the benefits of visualizing the situation before arriving at the intervention site. This 
visualization helps to perform primary analysis of the situation and to decrease the response time. Intervention 
team members usually have a certain period while heading toward the intervention site. During this time, it is very 
interesting to analyze and examine the available information such as the description of the accident and to predict 
what kind of difficulties can be encountered by the intervention team in the near future [Shimanski, 2008]. So, It 
will be interesting to analyze how information sharing support can help in situation awareness especially when 
actors are in stressed situations. We discuss in the following this type of contributions through the observation of 
crisis management exercises.  

CRISIS MANAGEMENT EXERCISES

In order to analyze the contribution of information sharing tools in situation awareness, we observe the crisis 
management strategic decision committee of two exercises. These exercises have been done in the PRESAGES’ 
crisis Management Training platform3. PRESAGES is a platform that physically reproduces a crisis cell and is 
equipped with fixed and mobile cameras to capture general views and zoom in on situations of interest, collective 
microphones to capture the ambient sound content, and individual lapel microphones to collect interpersonal 
discussions. The platform also makes it possible to recover the interaction media that is exchanged during each 
simulation (e-mails, tweets) (Figure 2). 

In these two exercises, we simulate municipal crisis room. Several whiteboards and TV are installed in order to 
follow medias situations, as same as, phones that can be dedicated to each crisis actors responsible (firefighters, 
Emergency, rescuers, policeman, government, communications, etc.).   

Figure 2. PRESAGES simulation platform. 

Audiovisual data is collected from the simulation room, and managed in a control room. An animation room is 
dedicated to trainers, that can interact with strategic actors using phones and other communication applications: 
e-mails, discussions forums, etc. A real time analysis takes place in the observation room.

Before each exercise, a scenario is established and communicated to Trainers in order to interact with strategic 
committee actors. We analyze two exercises based on real crisis situations, the first one concerning a flood on 
Narbonne city and the second one is about the Yellow Vests troubles at Troyes city.  

3 3 https://isga.utt.fr/plateforme-presages-1 
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Narbonne City Flood exercise 

Narbonne is a big city in the south-Ouest of France (Figure 3). It is along the Mediterranean Sea. Several natural 
sites are around the city. The highest point of the city is on around 287m of Altitude. Several small villages are 
around the city. These villages are connected to Narbonne through small roads. There is also a high way beside 
the city that joins Paris to Toulouse. The Aude River traffic allows to cross the city via the “Robine” river canal.  

Figure 3. Narbonne city 

The night of 12 November, a big storm cross the city. As consequence, roads around “Robine” river canal and the 
beach are flooded. Garages on houses are plenty of water. A camping area, near the beach was inundated. A crisis 
Management team is organized quickly in order to manage and answer several events due to that flood: 

• Road accidents inside inundations

• Population transfer from Camping area

• Aid to citizen in flooded houses

• …

The crisis management team is composed by (Figure 4): 

• Director of Operations; a government delegate

• Coordination agent; identified by the team members themselves

• Investigation and Operations interface sub-teams; composed by policeman and rescue’ actors delegates

• Means sub-team composed by department and city delegates

• Communication agent

• Population supports sub-team composed by rescue volunteers’ organizations delegates

This crisis management team have only phones to receive information and communicate with animation’ team. 

They have also laptops to explore the map of the city and to receive the simulation of social networks interactions. 
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Figure 4. Crisis Management team 

The duration of the exercise was 6 hours. The trainers cell composed from several actors, playing the role of 
population, reporters, rescue, city and government delegates. They have phones allowing them from one side, to 
communicate new events and from another side, to answer crisis management team’s requirements.  

Exercise Analysis 

The aim of this analysis is to identify how crisis management team actors used Information and communication 
support. Each actor organizes his notes differently (Figure 5): 

• Listing of means and their capacities

• Actions done and to do as a table

• Summaries of the situations as tables: Victims number, Means deployed, actions done, …

Adding of that, the communication actor wrote on a white board an update of the situation summarizing (Figure 
6) : events, actions, victims and decisions. As same as, a list of actions has been shared on a screen.

On the debriefing at the end of the exercise, actors said that the use of different support was correct. They ask to 
have more interactive screen specially to interact with the map. The communication’s actor told us that she had 
some difficulties to obtain information from different actors. The coordination’s actor was comfortable with the 
white board, he used it to share situations summaries at different times to the director of operations and the mayor.  

Figure 5. Example of actors’ notes 

Figure 6. Example of the white shared board 
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Troyes City Yellow Vests troubles exercise 

Troyes is a small city on the North-East of France. It is known by his historical center not far away from the 
Mayor’s and the Department houses. During 2018, Yellow Vests manifestations has been organized every 
Saturday in each city in France. Some of these manifestations generated troubles in these cities. At 13th December, 
202110h30 o’clock, an alert about Yellow Vests in front of the Government house led to organize a crisis 
management team (Figure 7). Several troubles are then signaled like, block out of a school, Government ‘house 

and Mayor house doors break, Fire in a hall in the downtown and road accident near the government’ house.  

Figure 7. Yellow Vests in front of Government ‘house of Troyes city. 

The organization of the crisis management team was the same as the one of Flood exercise, but actors change 
their roles across different service. They had adding to white bords, screens and laptops, interactive screen in 
which CRIMSON4 tools (Figure 8) is manipulated. These tools, developed by CS GROUP5 company, offer several 
services as: 

● 2D/3D shared Common Operational Picture display on workstations and mobiles terminals.

● Data sharing considering actors needs to ensure to each command level the optimum information
granularity.

● Crisis Management guides and decision support tool.

● Trainers support guides and toolboxes.

● Augmented reality devices to provide situations close to real ones.

Figure 8. CRIMSON tools 

Exercise Analysis 

Having the same aim as the first exercise, we observe mainly how actors used tools in their management of this 
crise. In fact, they didn’t use any whiteboard. They interact a lot with the map screen by pointing in it different 
sites and roads (Figure 9). The director of operations had some problems to obtain summaries. When debriefing, 
they told us that they need more interactive screens in order to show the summary of the situations at each moment 

4 https://crimson.diginext.fr/fr/presentation.html 
5 https://ww.fr/fr/ 
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as same as other visualization provided by CRIMSON. Adding of that, the summary tool in CRIMSON is verry 
general and adequate to generate reports and feedbacks. But they need to point specific and different types of 
summaries for instance, victims, means, etc. They didn’t use whiteboards for that,  they expect Digital tools like 
CRIMSON will support all aspects of crisis management information sharing needs.  

Figure 9. Interaction with Map screen during the crisis Management 

CONCLUSION 

Situation awareness still a big problem to deal in crisis management. Actors in different sites need to obtain a 
shared situation information in order to adapt their actions and decisions and especially understand the progress 
of the situations. Several decision support tools have been defined in order to push towards a common situation 
information. But these tools are still not accepted by different actors of crisis management belonging to different 
organizations (health, government, population security, …) and having different functions. We studied in this 

paper the use of an example of this digital tool (CRIMSON). The aim of our work is to study how tools (digital 
or not) can be helpful to crisis management team to obtain a common perception of crisis situation at different 
times. As summary of this analysis, we can mention digital tools can be verry helpful to crisis management team. 
But it will be used in addition to specific tools used in each organization, or this type of decision support tools 
have to consider these specific functions. The question still then: did they have one decision support tool or several 
dedicated and connected ones? The first experiences, presented in this paper, show different limits of the use of 
tools: 

1. Management team actors will be lost when introducing new tools without any preparation to deal with
these tools.

2. Actors tend to use digital tools instead of non-digital ones, considering digital support better than non-
digital ones. Digital tools cannot answer all needs. Actors have to be trained to integrate digital and non-
digital tools even in stressed situations.

3. Digital tools have to consider different type of habit and usual tasks of different actors coming from
different organizations. They have to be adapted to their needs and common habits. For instance,
techniques like ERP (which are based on one Data Base and different services adequate interfaces) can
be more adequate to help crisis actors to obtain common perception of the crisis and to deal easily with
information and decisions.

We present in this paper first studies about the use and the impact of information sharing tools to handle crisis 
situation awareness. This study has limited by the number of exercises and the crisis management team 
observations. We plan to extend our observations to other crisis management actors and digital tools. The use of 
techniques like questionaries and interviews are scheduled in future work in order to complete our investigations 
to answer our studies about techniques to support situation awareness in stressed environment.  
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ABSTRACT 

This paper presents the Elektronische Lagedarstellung für den Bevölkerungsschutz (ELD-BS, engl. Electronic 
Situation Dashboard for civil protection), a software suite for managing crisis relevant information in the German 
federal state Baden-Württemberg. ELD-BS serves as an easy-to-use and functional tool to support administration 
work in larger operational situations and in the event of a disaster. The ELD-BS supports communication and data 
exchange between the authorized access points in the event of an incident, yet it does not replace the formal 
reporting channels and the communication between the units involved in the operation. ELD-BS is conceptually 
intended for the overarching use of the administrative levels and particularly allows the exchange of information 
between the administrative authorities in large-scale operations. The software suite comprises 4 applications, 
which are accessible from the web and offer different functionalities during crisis response. This paper introduces 
the individual components and their interaction. 

Keywords 

Crisis Management Software, Disaster Information Exchange, Information Tools in Emergency Response. 

INTRODUCTION 

The Elektronische Lagedarstellung für den Bevölkerungsschutz (ELD-BS) is a toolbox consisting of several 
software applications for the management of crisis situations in the German federal state of Baden-Württemberg. 
It is continuously being developed since 2009 and is operable for the disaster control authorities at all 
administrative levels since the NATO-summit held in Straßburg, France and Kehl, Germany in 2009 [1]. This 
paper intends to introduce the ELD-BS to the scientific community, present the tools that it currently hosts and 
gives a brief overview of the surrounding parameters, as well as the main stakeholders. 

ELD-BS TOOLS 

The toolbox ELD-BS contains 

• the self-titled ELD-BS as the actual situation dashboard,
• a crisis object database (Krisenobjektdatenbank, KODB),
• a document exchange portal for situation reports (Elektronische Lagedarstellung 

Dokumentenaustauschportal, ELD-DOK) and
• a tool for planning and managing evacuations and accommodations for civil protection (Zentrale

Evakuierungs- und Unterbringungsteuerung für den Bevölkerungsschutz, ZEUS-BS).

These tools are presented and discussed briefly in the following. 
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USERS 

As ELD-BS is intended to give the administrational staff means for communication and information exchange, its 
user management corresponds to the administrative organization of Baden-Württemberg. Baden-Württemberg is 
a German state located in the south-west. With 11 million inhabitants and roughly 35.000 km² it is the third largest 
German state both in size and population. Similar to the other German states, the administrational system of 
Baden-Württemberg operates in a three-tier system, with the ministry of interior at the top. The second tier is 
formed by the regional councils Stuttgart, Karlsruhe, Freiburg and Tübingen. Further on, these commissions are 
broken into the third tier: 35 rural and 9 urban districts, which contain 1101 communes [2]. Though communes 
form the lowest administrative tier, they also carry responsibility for civil protection. Situations limited to the area 
of a commune are managed by itself unless transfer of responsibility to a higher-level administration is requested. 
Rural districts come into play, when a task or situation is too complex or large for single commune to manage. 
Planning and administration beyond regional boundaries is realized by the administrative regions, which form an 
intermediate administrative layer between the lower authorities and the Ministry of the interior of Baden-
Württemberg. 

This composition is reflected by ELD-BS: users can only access contents that are administratively relevant for 
them. Depending of the application in the ELD-BS tool suite, access rights are defined either by geospatial extent 
or through a hierarchy. Access rights based on geospatial extend are granted, whenever an information is located 
in the area of an administrative entity. As an information entry also has a geographical information, it is defined 
which entities from the tiers contain the location. All entities containing the location have access rights on the 
corresponding entry. As other option, users of ELD-BS are organized in groups, which are designed according to 
the tier-system. Through this structure, the ministries have the highest access rights (ergo, they can access all 
information), whereas communes have the lowest access rights. 

ELD-BS 

The ELD-BS allows the management of parallel or serial emergency situations for example major damage 
situations, flood situations, vegetation fires, earthquake and nuclear accidents. Furthermore, unexpected situation 
types like the the refugee crisis in 2015 or the Covid-19 pandemic starting in 2020 can be addressed as well. It is 
designed for the usage across different administrative levels, including municipalities, counties and regional 
boards. Additionally, all ministries of the state of Baden-Württemberg are able to access information. The ELD-
BS is a deployment diary in which all relevant administrative actors record status information and measures. The 
information is accessible according to the hierarchy of a user: a member of the ministry is able to see all 
information, whereas users from regional districts have read access for all entities within their regional boundaries. 

This tool offers important functionality to the public crisis management offices: due to transparency and quality 
assurance, measures during the crisis management must be documented by law. In this deployment diary, the 
undertaken actions can be persisted, while the flow of information to all responsible entities and superior 
administrative levels is ensured. 

From the abstract point of view, the ELD-BS is a deployment diary, but from the detail view it is organized as a 
hierarchical structure of multiple deployment diaries. There is one diary for each of the administrative units and 
the reports from those diaries are mirrored into aggregational diaries. This structure reduces the monitoring effort 
since an administrative unit simply monitors its own diary and the top-level aggregation diary. The access rights 
for such a diary report are independent of the diary, they are defined for the report itself. 

Since confirmability is crucial for such administrative systems, the whole change history is kept for later analysis. 
In many situations it is also legally required to know exactly who has given certain orders. To support that 
requirement, the write access to those diaries is not granted directly to persons but to certain roles. The assignment 
of those roles to a person is also recorded together with the time interval when those assignments were valid. This 
role-based access management setup also allows for easy deputyship regulations.  

As deployment diary, ELD-BS is a central tool in the complete tool suite: other applications are able to 
automatically mirror taken actions into ELD-BS. This yields in a complete summary of all administrative actions 
from these tools; users can precisely retrace when and which a specific measure has been taken. This offers 
different perspectives for quality assurance or information for public relations. 

The head of the crisis management or the offices involved are able to set the crisis level on the situational 
dashboard, which shows an aggregated summary of all crisis situations in the state of Baden-Württemberg. An 
example is given in the picture below, where the rural district Böblingen has a thereotical warning level shown in 
the color yellow. The dashboard shows information in five ascending levels of escalation, as shown in Figure 1. 
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Figure 1: The dashboard for ELD-BS 

Prominent examples of usage are the management of the Covid-19 pandemic starting in 2020 and the refugee 
crisis in 2015, in which information about the ongoing situations had been exchanged on this platform. 

KODB 

KODB is a geographical information system, that offers map-based access to data relevant for civil protection. It 
offers several functionalities. 

The first application is the semantic recording of objects relevant in crisis situations. It is used to assess risks in 
early phases of the crisis management cycle and to support the planning phase and the crisis management teams 
during ongoing crises. For example, the KODB allows the storage of critical infrastructures for example hospitals, 
airports or schools. A more complete list can be found in Table 1. 

Table 1.  Object categories in KODB 

Selected categories in KODB 

Educational Establishment Public Utilities 

Daycare Fuel Stations 

Health Care Facilities Refugee Accommodations 

Charity Workshops Airports 

Health Clinics Correctional Facilities 

Iodine Tablet Issuing Offices Psychiatry 

Accommodations Military 

Touristic Places Large Firms 

Venues Hazardous Facilities 

Hospitals 
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The main access mode for the KODB is based on a map. This map shows the area of interest. Object for categories 
of interest can be added as desired, with a corresponding icon for each category. Figure 2 gives an example of a 
school on the map. Furthermore, it is possible for the user to enter addresses or names of places as search terms; 
this takes the user in the map to the operational area. 

Figure 2: An object on the map of KODB 

Objects in KODB are persisted with further metadata, such as address, contact persons and parking resources. 
Specialised data for each entity is available as well, such as number of pupils for a school. The application relies 
on an extensive data model which is based on an ontology; this ontology is subject of disclosure and will not be 
discussed in this paper. Figure 3 shows the detail page for an element (a primary school) within the KODB: The 
geographical position and extend is shown on the map. Through different tabs more information can be accessed 
like the number of pupils and contacts to the staff. The recent view gives information about the object’s address. 

The number of pupils, as well as information about the school administration can be accessed, too. 

Figure 3: The detail page of an element in KODB 
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KODB offers as second functionality information about the inhabitants in the predefined evacuation zones in the 
perimeter of nuclear facilities. Firstly, all nuclear facilities in the area of responsibility in Germany, France and 
Switzerland whose operation could affect the population of Baden-Württemberg in the event of a nuclear accident, 
are mapped within KODB. As the planning framework for the perimeter of nuclear facilities desires the definition 
of evacuation areas around nuclear facilities [1], KODB implements the intersection of communes and evacuation 
areas: clicking on one of the sectors prints a list of all communes located in this sector. Figure 4 shows an example, 
where the red-shaded area is selected on the left. After selecting a zone, KODB offers the calculation of affected 
communes and an estimation of people living in the area. The calculation is offered based on two calculations. 
The user can choose between either summing up the number of registered persons in all affected communes or 
based on a 1 km²-fine population density raster. The resolution of the results varies and one must be aware of the 
differences in both modes. The following figure does not show the results due to confidentiality reasons. 

Figure 4: Geographical areas in the parameters of nuclear facilities 

The third component of KODB is a risk map for high tides. It includes layers for flooding, statistically reoccurring 
every 10, 50, 100 or 1000 years. Figure 5 shows an example for such a map excerpt. The light blue area is the 
calculated flooding area for a high tide situation reoccurring every 50 years; the dark blue area shows the area that 
is statistically flooded once in every 10 years. 
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Figure 5: Flooding area shown in KODB 

All three functionalities, respectively their layers, can be combined in order to gain deeper insights about a recent 
situation or to take certain circumstances into respect during the planning phase; the combination allows the 
finding of critical objects during critical risk situations or finding objects at danger during a flooding. 

ELD-DOK 

ELD-DOK is used among the administrative offices in Baden-Württemberg. It has first been deployed in 2012 
and offers secure sharing of planning and informational documents for civil protection. Since 2018 it is part of the 
ELD-BS tool suite. Municipalities, city and rural districts, the regional councils and the Ministry of the Interior 
are entitled to access. In this way, disaster response plans can be passed on to users in a target group-oriented 
manner. Data can be made available in two ways: either as global document accessible for every user with access 
rights or as secured document or as secured document available for predefined user groups. 

User groups are predefined collections of a tuple of a user and a corresponding email address. There, if a 
document has been updated or made available, the corresponding users can be informed. User management is 
made available by the underlying software WebGenesis®, which is explained in section WebGenesis®. 

ZEUS-BS 

ZEUS is a web application offering functionalities for the evacuation of large population groups from hazardous 
areas to emergency accommodations in a safer area [2], [3]. ZEUS functions are derived from two Standard 
Operating Procedures (SOPs) for (pre-)planning emergency situations for large scale evacuations and were 
sharpened during expert panel workshops. 

ZEUS functionalities comprise preplanning methods and functions to support authorities during an evacuation 
situation. This contains the management of collecting points (CPs), civil protection contact points for the 
allocation of persons to accommodations (CPCPs) and emergency accommodations (EAs). During an evacuation, 
ZEUS supports staff at CPCPs to find an emergency accommodation with sufficient capacity and, if required, 
further characteristics appropriate to the needs of the person/group to be assigned. The number of persons 
accommodated in an EA can be tracked to prevent overloading. ZEUS also offers a set of key performance 
indicators to reflect the allocation of emergency accommodations during and after the situation, offering the 
possibility to transparently communicate with the public. Lastly, if desired, ZEUS can mirror all performed actions 
into an event log in the ELD-BS Dashboard. The developed functionalities provide technical support for disaster 
management authorities (pre-)planning a large-scale evacuation. Figure 6 shows an excerpt the ZEUS dashboard. 
Further information are excluded due to security policies. 

238 



Hellmund et al. ELD-BS: situational dashboard for Baden-Württemberg 

Practitioner Paper – Applications, Tools and Components for Crisis Management 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

Figure 6: The ZEUS dashboard 

WEBGENESIS 

ELD-BS is developed based upon WebGenesis®, a Content Management System (CMS) developed by Fraunhofer 
IOSB. It offers the management of communities and knowledge, providing several options for manipulating, 
requesting, inserting and visualizing data. WebGenesis® separates content and layout, offering standardized 
templates for information categories and harmonized appearance. It allows the collection, management and 
visualization of data, as well as expert knowledge. 

The backend of WebGenesis® is developed in Java, whereas the frontend relies on the web technologies HTML, 
CSS and JavaScript. 

CONCLUSION 

This paper introduced the ELD-BS tool suite, which is a real-world example of software applied in public safety. 
The software is deployed for the Ministry of the Interior of Baden-Württemberg. It offers different functionality, 
with the most important tool being the self-title ELD-BS, offering a deployment diary and information exchange 
tool over all administration levels in Baden-Württemberg. 

As ELD-BS has been developed since 2009 it is a tool of maturity. As its usage spread in the different tiers of the 
administration, it was criticized that dashboards or aggregational overviews are designed for users from a high-
level view; the many entities of the lower administration tier cannot access information in a fine granular manner. 
Furthermore, it has been requested to manage public defense resources within a single tool. Currently, it is being 
discussed how this can be achieved. 

Lastly, user requests are often being implemented: with the latest development ZEUS, the Ministry of Interior 
directly addressed the planning framework for the evacuation of large areas [6]. Through this request chain, ZEUS 
implements functionality which are novel to any German federal state. To the best knowledge of the authors its 
functionalities are not offered by any software in crisis management, yet. 
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ABSTRACT 

We are interested in rescue management in crises such as in terrorist attacks. Today, there are emergency plans 
that take into account all the stakeholders involved in a crisis depending on the event type, magnitude and place. 
Unfortunately, they do not anticipate the evolution of the crisis situation such as traffic and hospital overcrowding. 
In addition, decisions are taken after the information has been passed from the operational level to higher levels. 
This work focuses on the operational level of the emergency plan. What will happen if the actors at this level, can 
make certain decisions without escalating the information to higher levels? To answer this question, a multi-agent 
dynamic planning approach is proposed and it will be tested in two different architectures in order to see how 
much autonomy can be given to an agent and how they coordinate to save the victims. 

Keywords 

Multi-agent systems, planning and scheduling, uncertainty, coordination. 

INTRODUCTION 

Due to the sudden occurrence of crises, the response must be as quick and effective as possible to minimise the 
human loss by providing help and relief to the injured people. We are concerned with securing the area to prevent 
further events and, with helping and transporting the injured as fast as possible to the appropriate treatment centre 
that can treat their cases. As this article is a collaboration work between France and Lebanon, a study on the 
French generic emergency plan, ORSEC plan was conducted. Moreover, meetings with the Lebanese Red Cross 
were held to obtain more information on Lebanese emergency plans. We notice that the decisions are not made 
by the operational level’s actors. They transmit information to the actors at higher levels in order to make 
decisions, then, the latter are performed by the actors at the site (operational level). Based on our studies, the list 
of actors at this level and their roles are identified. Although France and Lebanon have a different way of managing 
a crisis, the operational actors have same roles and the same objectives but with different labels and strategies 
specific to each country. Indeed, both countries face many challenges in their response to a disaster such as the 
coordination between the heterogeneous actors involved in the rescue plan and the crisis dynamic environment 
that can interrupt the actors’ missions on the site. Gathering information such as the number of casualties and their 
situations, the availability of ambulances, the capacity of hospitals, etc. is necessary to make decisions. Incorrect 
or insufficient information affects a decision and can alter the course of the response. Therefore, there is a lot of 
information and uncertainty (traffic, blocked route to a hospital, ambulance accident…) to manage in a dynamic 
environment. 

In planning and scheduling, we are interested in three problems: resource allocation, the duration and the plans 
effects. The presented work concerns the definition of a new model combining proactive, reactive and progressive 
approaches and a multi-agent system to solve the planning problem. Our model will be later tested in both 
centralised and decentralised architectures to determine which one is the best for our problematic. 
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BACKGROUND 

Multi-agent System (MAS) 

MAS is an organized corpus of agents in which a certain number of phenomena comes out as the result of 
interaction between these aforesaid agents. Briot et al., (2001) define a MAS as a set of interacting agents that can 
organize in a dynamic and adaptive way. One of the interesting features is the distribution of the complexity over 
several agents. In this work, the MAS is used to model our scenario in different architectures. Several definitions 
have described the agent because of the variety of contexts and applications for which the agent is designed. 
Ferber & Perrot, (1995) defined an agent as a physical or virtual entity that can reproduce itself, has its own 
resources and skills to achieve its goal and tendencies. It can act, communicate and perceive its environment. Its 
environment’s representation is either partial or null. According to Weiss, (2004), it is a computer system located 
in an environment where it has the ability to act through autonomous actions to achieve its design goals. EL 
FALOU, (2010) declares other characteristics of a MAS, we mention: 

● Collaboration: consists in making all the agents work on the same project. It refers to techniques that allow 
agents to divide the tasks, the information, and the resources.  

● Observability: is all the information that is accessible to an agent. 
● Uncertainty: is when the environment of the agents is considered stochastic and the uncertainties are 

represented using e.g. probability distributions, intervals of values or fuzzy intervals. 

Environmental Properties 

An environment is where the agent exists, receives information and carries out its activities. The properties of the 
environment influence the decision-making process of agents. These properties are (El Falou, 2010; Malas, 2017):   

● Deterministic vs stochastic: a deterministic environment is an environment in which the future state is 
totally determined by its current state and by the action executed. The real environment is stochastic 
because its state does not only depend on the actions of the agents.  

● Static vs dynamic: Unlike dynamic environment, an environment is static when its state changes only when 
an agent takes an action. 

● Discrete vs continuous: an environment is discrete if the number of actions to perform by the agent is finite. 
Otherwise, it is qualified as continuous. 

● Fully observable vs partially observable: an environment is fully observable if the agent perceives the 
complete state and all the information concerning its environment. Generally, this is not the case, because 
an agent perceives part of its environment through its limited sensors. In this case, it is partially observable. 

Planning and Scheduling 

Planning aims to determine the various operations to be carried out and the material and the human resources to 
be allocated to them. While scheduling aims to determine the different dates and resources corresponding to 
known activities Baki, (2006). According to Ghallab et al., (2004), planning in Artificial Intelligence is concerned 
with solving problems in several domains. Problem solving in planning is achieving a goal by taking a series of 
actions. This solution is called a plan. It is found by a planner. According to Lopez & Roubellat, (2001), solving 
a scheduling problem consists in placing actions in time, taking into account temporal constraints (deadlines, 
precedence constraints, etc.) and constraints relating to the use and availability of the required resources by the 
actions. As resource allocation, time and uncertainty are the main challenges of planning in an emergency 
response, they are considered in this work.  

In planning, the number of actions required to achieve the goal is usually unknown. On the contrary, scheduling 
starts from a set of actions known in advance, which must be positioned in time with respect to each other. In our 
project, we are between planning and scheduling because in the rescue plan, we can obtain an overall idea of the 
size of the plan since the number of injured is equal to the number of evacuations and therefore it is equal to the 
number of actions but we do not know it precisely because of the uncertainties (exact number of injured, situation 
of injured, number of available ambulances, new attack, etc.). 

Dynamic Approaches 

Bidot et al., (2008) presented four different approaches for planning under uncertainty with regard to the balance 
between the generation and the execution. The first one is creating a plan, while the second one is the step at the 
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moment this plan is executed online. The four approaches are: 

● Proactive: has a knowledge base about uncertainty in order to have the power to decide offline. Since the 
solution is insensitive to perturbations, it is not revised during execution. Knowledge about uncertainty is 
included to create more robust and reliable schedules.  

● Reactive: generates a complete schedule and if during execution the solution differs from the observed 
situation, then the plan can be changed through online schedule re-generation. 

● Progressive: with this approach, we are able to both plan and execute incrementally online. They generate 
the plan only in the short term. New steps are generated online either on a specific timestamp or whenever 
a condition expressing that some uncertainties are resolved is satisfied. 

● Mixed: combines at least two pure-generation techniques. 

Temporal Networks 

According to Dechter et al., (1991) Simple Temporal Network (STN) is a set of time points and a single interval 
constraint between each pair of these time points (Vi, Vj). Each edge is labeled by an interval [aij, 𝑏ij] representing 
the time interval between aij and 𝑏ij. It represents a constraint aij≤ Vj - Vi ≤ 𝑏ij that can be expressed as a pair of 
inequalities: Vj - Vi ≤ 𝑏ij and Vi - Vj ≤ −𝑎ij. In addition, V0 is a reference point in STN. A solution to a STN is a 
complete set of assignments to variables such that all temporal constraints are satisfied. Having at least one 
solution means that a STN is consistent. The simplest solution to solve a STN is to convert the directed constraint 
graph into a directed edge-weighted graph called a distance graph. 
STN do not take uncertainty into account. Thus, by adding uncertainty to STN, a new extension is created called 
the Simple Temporal Network under Uncertainty (STNU). It is defined by a triple where V and C have the same 
definitions as in STN, and L is a set of contingent links (Morris et al., 2001; Hunsberger et al., 2013; Cairo et al., 
2018). A contingent link represents actions with uncertain durations which means they are uncontrollable but 
bounded Morris et al., (2001). It has the form where 0 < aij < 𝑏ij < ∞, Vi is an activation time point assigned by an 
agent and Vj is a contingent time point controlled by Nature. Moreover, when STNU has a strategy to execute 
online the executable (non-contingent) time points by satisfying every constraint in the network no matter what is 
the duration of the contingent link, it is called dynamically controllable. 
Although STNU take uncertainty into account, it is not designed for a multi-agent system. Therefore, another 
extension of STN is MaSTN where time-points are controlled by a set of agents and each variable is assigned an 
owner Casanova et al., (2015). Despite the fact that an agent maintains its private STN, it shares constraints with 
other agents. We differ between inter-agent constraints where some time-points that belong to different agents are 
coupled and intra-agent constraints belonging to the agent itself Mogali et al., (2016). 
None of the above temporal networks take into account both the multi-agent system and the uncertainty. Casanova 
et al., (2016) proposed a Multi-agent STNU (A, V, E, C) where (V, E, C) is a STNU and A is a set of agents. The 
reference-point is shared by all agents. As in MaSTN, a variable is owned by a unique agent. A MaSTNU is 
dynamically controllable when it has an execution strategy that is valid, dynamic and distributed. 

FORMAL FRAMEWORK 

Definitions 

Agent 

An agent has a sequence of actions to perform in order to achieve its goal. In a formal way, A={a!" ,…,	a#"} is a set 
of non-instantiated actions for an agent z where |A| = n and i ∈{1,…,n}. It needs to choose among them, those 
that serve it in order to achieve its goals. The chosen actions are called instantiated actions which means the 
actions that are inserted in a plan. An executed plan is a plan where all its actions are executed. 

Action 

It is the task performed by an agent over a period of time. To an action 𝑎$% is associated the list <t&!"
' ,	𝑡&!"

( , pcond(𝑎$%), 
eff(𝑎$%) > such that: 

● t&!"
'  is the date on which the agent starts the execution of 𝑎$%. 

● t&!"
(  is the date on which the agent finishes the execution of 𝑎$%. 
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● pcond(𝑎$%) are the preconditions of an action 𝑎$%. They are the properties of the world required for an action. 
An action cannot be performed if its preconditions are not satisfied. Thus, preconditions let an agent know 
when to execute the action. 

● eff(𝑎$%) are the results of executing an action 𝑎$%  .  

Standard Plan 

In real world, when someone calls an ambulance center for help, they have standard plans for several types of 
accidents. They will choose among them the appropriate plan for the situation. Thus, when an event occurs, they 
will take further tasks. In this context, we differ between a standard plan and a local plan. Based on this idea, we 
consider that an agent z has a library of standard plans where Ԓ% = {ԓ!%, ԓ)%, …, ԓ*%}; |Ԓ|=p. Using standard plans 
instead of actions helps agents to save time in generating their local plans. A standard plan is a non-empty set of 
sequential actions that have the same order in every local plan and the same constraints. In addition, it has a goal. 
We consider a standard plan ԓ$%	as a septuplets <pcond(ԓ$%), eff(ԓ$%), Bk, ≺, g , 𝑡ԓ!"

' , 𝑡ԓ!"
( > where: 

● pcond(ԓ$%) are the properties of the world required for an 	ԓ$%. 
● eff(	ԓ$%) are the results of executing a 	ԓ$%.  
● Bk is a nonempty set of actions; |Bk| = y; Bk ⊂ A. Nonempty set is a set that contains at least one element. 

A set is called singleton set if and only if it contains only one element. 
● ≺ represents precedence constraints; ≺ = ∅ if and only if Bk is a singleton set. 
● g: is the goal of ԓ$% 
● 𝑡ԓ!"

' : is the time on which the agent starts the execution of ԓ$% 
● 𝑡ԓ!"

( : is the time on which the agent finishes the execution of ԓ$% 
A standard plan composed of one action, has the same preconditions and effects of the action. Otherwise, if a 
precondition of an action is not established as an effect of a previous action, it is a precondition of the standard 
plan. If an effect of an action is not canceled by a subsequent action, it is an effect of the standard plan. 
Each agent in our architecture has a library of standard plans. Despite the fact that a heterogeneous multi-agent 
system exists in this work, in a homogeneous set of agents, all agents share the same library but each agent may 
have a local plan different from the others. For example, all ambulances share the same library, but two 
ambulances may have two different local plans. This depends on the environment of the ambulance. In addition, 
each type of agent has a library of standard plans that is different from the others. 

Local Plan 

It is the combination of several instantiated standard plans. It is executed by an agent in order to reach its goals 
from its initial task. Local plan ԥ%=(i, G, 𝐷ԥ"

( , S=(VS, CS, LS)) where i is the initial task, G is a set of the goal tasks, 
𝐷ԥ"
(  is the latest time on which the agent must finish the execution of ԥ% and S is a Simple Temporal Network 

with uncertainties (STNU). ԥ%	is the local plan ԥ associated to agent z. 

Global Plan 

It is the combination of the local plans executed by heterogeneous agents to achieve the main goal. For example, 
if the agents of our scenario are one security agent s, one fire brigade f and one ambulance m, the number of local 
plans is three Ԥ= {ԥ,, ԥ-, ԥ.}. Global plan Ґ = (Ԥ, ≺, 𝑡Ґ

', 𝑡Ґ
() where Ԥ= {ԥ%, …, ԥ%(0}, ≺ represents the 

precedence constraints. 𝑡Ґ
'	and 𝑡Ґ

' are the time when the global plan starts and finishes its execution, respectively. 

Uncertainty 

It is a notable occurrence at a given time and it could perturb the schedule of a plan. We could have an uncertain 
duration of a plan due to uncertain duration of a task and uncertainty on tasks effects. In planning and scheduling, 
uncertainty about duration, resources and effects are considered. Note that all of the above durations are 
represented by a temporal network. 
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Architecture 

It is the structure in which our scenario is described and modeled. It contains all our agents, their plans and their 
environment. It could be centralized or decentralized. A centralized architecture is when the planning decision is 
made by a unique agent. Whereas a decentralized architecture is when all the agents make decisions. It is not a 
single agent that controls.  

TERRORIST ATTACK SCENARIO 

Problem Description 

The most lethal form of terrorism is suicide, where the attackers’ objective is to kill by committing suicide. In this 
work, we chose to work on a suicide bombing attack. An attack is characterised by its location, time and damage. 
For example, an attack in a church on Sunday morning during mass has a much greater impact than an attack in 
the same place on Wednesday evening. Note that neither volunteers (associations and individual) nor emotional 
and psychological trauma are taken into account in this work. Therefore, only critical and serious injuries are 
considered. Furthermore, as we are working on the operational level of an emergency plan, only actors at this 
level are considered.  
On the basis of the ORSEC plan in France, and our meetings with the Lebanese Red Cross in Lebanon, we note 
that the actors at this level are the same but with different nomenclatures. Therefore, we decide to use terms that 
are understandable by both countries. Thus, our scenario’s agents are: fire brigades, security agents, ambulances 
and hospitals. As the first three agents are attached to their centres, we also consider each centre as an agent. A 
centre represents the administration that takes decisions and the call centre that receives and informs the agents 
concerned. We note that the ambulance is the only vehicle used to transfer victims to hospitals. Moreover, in our 
work, we are only interested in transferring victims to an appropriate hospital that is capable of treating their 
injuries and has an available place. Thus, this work does not take into account how this hospital manages the 
casualty queue during a crisis. 
Regardless of the architecture’s type, the decisions that should be made to save the greatest number of injured are:  

● The number of agents required to respond. This is related to the number of victims, which is unknown at 
the beginning of the crisis.  

● The injured who needs to be transferred first.  
● The hospital to which he/she is to be transferred. 
● The ambulance that is responsible for transferring him. 
● The route to be taken by an ambulance. 

Agents Roles 

The agents below are used in both architectures, except for the central agent which is only used in the centralized 
architecture. In addition, certain roles can be added to or removed from certain agents depending on the 
architecture’s type.  

● Security agent aims to clear the road for the transfer of victims, seal off the crisis area and secure the zone 
by killing and arresting the attackers. 

● Security centre agent checks its capacity, communicates with the corresponding agents and triggers the 
necessary security agents. 

● Ambulance agent seeks to transfer wounded to hospitals. 
● Ambulance centre agent checks its capacity, communicates with the corresponding agents and triggers the 

necessary ambulance agents.  
● Hospital agent aims to communicate its capacity with the corresponding agent.  
● Fire brigade agent locates, pick-ups and transfers victims to the Victims’ Gathering Point (PRV). In 

addition, it sorts and provides first aid to the injured. 
● Fire department agent checks its capacity, communicates with the corresponding agents and triggers the 

necessary fire brigade agents. 
● Central agent is responsible for generating local plans to enable the relevant actors to respond to a crisis. 
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Model Description 

We want our architectures to be close to reality in order to know how agents can coordinate with each other by 
executing their private plans to achieve the main goal. Furthermore, we want to know how an agent can make a 
decision without affecting the local plan of other agents. 
In reality, apart from ambulance agents, not all homogeneous agents on the site have the same local plan. For 
example, the missions are distributed among the fire brigades, which means that they are divided into groups. 
There is a group to locate victims, another to provide first aid, etc. In our architectures, unlike ambulance agents, 
the fire brigades are divided into 3 groups:  

● F1: to locate and pick-up the victims 
● F2: to take them to the PRV 
● F3: to aid, sort and prioritise them 

In addition, all the homogeneous centre agents involved in the response to a crisis coordinate together. Since this 
work focus more on the actors acting at the site, the homogeneous centre agents are grouped together, meaning 
that there is a centre agent for each agent type representing all the centres. For example, for the two security centre 
agents sc1 and sc2, 10 security agents are available in each of them. sc1 and sc2 are 30 minutes and 20 minutes 
away from the site, respectively. This information is used to allocate agents to the site (resource allocation). In 
planning and execution, the homogeneous agents sc1 and sc2 are represented by SC agent. 
Moreover, in real life, communication between homogeneous agents and their centre is in broadcast mode, which 
means that the information is shared between all agents. For example, if a security agent communicates with its 
centre, all other security agents hear the conversation. In this work, although security agents on site have different 
missions but their overall objective is to secure the area so that the other agents can intervene. In this context, all 
the security agents are also grouped into one agent. Since patient management in the hospital is not considered, a 
single agent represents all hospitals in our architecture. 

Crisis 

It is characterized by:  
● Physical location, longitude and latitude coordinate r (xr, yr).  
● Number of injured people: d.  
● Event time: t.  

Injured People 

X={𝑥!, 𝑥),…, 𝑥0} is a set of injured people where n ∈ ℕ. Each injured is characterised by a medical diagnosis 
and triage tag that represents his/her situation. Therefore, there are four colours to describe the injured situation: 

● Black colour means the victim is dead.  
● Red colour identified injured people with critical or serious injuries.  
● Yellow colour means that the injured person has a minor injury.  
● Green colour represents unharmed victims; they have no physical injuries but may have psychological 

injuries. 
Only injured with red colour tags are considered. They should be transferred to a hospital immediately or before 
a delay which is maximum six hours, depending on the injury situation Foucher et al., (2018). 

Security Centre Agent 

SC={𝑠𝑐!, 𝑠𝑐),…, 𝑠𝑐$} is a set of security centre agents where |SC| = n, n ∈ ℕ* and i={1, …, n}. It has a library of 
standard plans Ԓ12= {ԓ!12, ԓ)12, …, ԓ312}; |Ԓ12|=p; p ∈ ℕ*; j={1…,p} and a  local plan ԥ45. 

𝑠𝑐$ is characterised by: 
● Physical location, longitude and latitude coordinates 𝑠𝑐$ (𝑥,6!, 𝑦,6!). 

● Set of available security agents: 𝑆,6!= {𝑠!
,6!, 𝑠)

,6!,…, 𝑠3
,6!}; |𝑆,6! |=m; m ∈ ℕ (it can be empty); j={1…,m}. 
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Security Agent 

𝑠3
,6" is the security agent j that belongs to the security centre agent 𝑠𝑐%. S={𝑆,6#, 𝑆,6$,…, 𝑆,6!} is an agent 

representing all the available security agents involved in the actual rescue plan where |S|=p; p ∈ ℕ* and i={1, …, 
p}. S has a library of standard plans Ԓ4 = {ԓ!4, …, ԓ34}; |Ԓ4|=p; p ∈ ℕ*; j={1…,p} and a local plan ԥ4. 

Ambulance Centre Agent 

MC={𝑚𝑐!, 𝑚𝑐),…, 𝑚𝑐$} is a set of ambulance centre agents where |MC|= n, n ∈ ℕ* and i={1, …, n}. It has a 
library of standard plans Ԓ72= {ԓ!72, …, ԓ372}; |Ԓ72|=p; p ∈ ℕ*; j={1…,p} and a  local plan ԥ85. 

𝑚𝑐$ is characterised by: 
● Physical location, longitude and latitude coordinates 𝑚𝑐$ (𝑥.6!, 𝑦.6!). 

● Set of available ambulance agents: 𝑀.6! ={𝑚!
.6!, 𝑚)

.6!,…, 𝑚3
.6!}; |𝑀.6! |=k; k ∈ ℕ; j={1…,k}. 

Ambulance Agent 

𝑚3
.6" is the ambulance agent j that belongs to the ambulance centre agent 𝑚𝑐%. It has a library of standard plans 

Ԓ.%
&'"

= {ԓ!
.%
&'"

, …, ԓ
3

.%
&'"

}; |Ԓ.%
&'"

|=p; p ∈ ℕ*; j={1…,p} and a local plan ԥ.%
&'"

. Each ambulance agent has 
a capacity cap which can be 1 or 2, which means an ambulance can transfer either one or two casualties at a time. 

Hospital Agent 

H = {ℎ!, ℎ)	, … , ℎ$} is a set of hospitals where |H|= n, n ∈ ℕ* and i={1, …, n}. It has a library of standard plans 
Ԓ9= {ԓ!:, …, ԓ39}; |Ԓ9|=p; p ∈ ℕ*; j={1…,p} and a  local plan ԥ:. A hospital has a maximum injured capacity. 
This latter corresponds to the hospital’s services, medical team, available operating rooms, emergency rooms and 
beds, etc. ℎ$ is characterised by:  

● Physical location, longitude and latitude coordinates ℎ$ (𝑥;!, 𝑦;!). 

● Capacity; cap ∈ ℕ. 

Fire Department Agent 

FC={𝑓𝑐!,…, 𝑓𝑐$} is a set of fire department agents where |FC|= n, n ∈ ℕ* and i={1, …, n}. It has a library of 
standard plans Ԓ<2= {ԓ!<2, …, ԓ3<2}; |Ԓ<2|=p; p ∈ ℕ*; j={1…,p} and a  local plan ԥ=5. 

𝑓𝑐$ is characterised by: 
● Physical location, longitude and latitude coordinates 𝑓𝑐$	(𝑥-6!, 𝑦-6!). 

● Set of available fire brigades in real time: 𝐹-6!= {𝑓!
-6!, 𝑓)

-6!,…, 𝑓3
-6!}; |𝐹-6! |=k; k ∈ ℕ; j={1…,k}. 

Fire Brigade Agent 

𝑓3
-6" is the fire brigade agent j that belongs to the fire department agent 𝑓𝑐%. There are three groups of fire brigades’ 

agents on site. Fire brigade agent belongs to only one group; 𝑓3
-6" ∈ 𝐹$; i={1,2,3}. 𝐹$= {𝑓!

-6%, 𝑓!
-6(,…, 𝑓>

-6%, 

𝑓*
-6(}where j, y, k, p ∈ ℕ*, |𝐹$ |=b, k, p={1,…,b} and j≠ y. 𝐹$ has a library of standard plans Ԓ=!= {ԓ!=!, …, ԓ3=!}; 

|Ԓ=! |=p; p ∈ ℕ*; j={1…,p} and a local plan ԥ=!. 

Central Agent 

c is the decision-maker of the centralized architecture. It has all the libraries of all the agents. Note that in a 
centralised architecture, the above agents do not have a library of standard plans. 

Centralised Architecture 

Figure 1 shows the interaction between our model’s agents of this architecture.  
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Figure 1. Interaction between agents 

The steps below describe Figure 1:  

1. When central agent receives an alert, it generates its local plan using the progressive approach, which 
means that part of its plan is generated offline and the following steps are carried out during execution. 
It starts to execute its private plan. It sends to each centre agent (including H) its local plan and demands 
its capacity. 

2. They start implementing their local plans. Note that they use a proactive approach as their plans are 
generated offline. 

3. They send their capacities to c. 
4. c adds the necessary standard plan to its local plan and begins assigning agents to site and casualties to 

hospitals. 
5. It informs SC, FC, MC and H of its decision and sends the local plans of the agents concerned. 
6. SC, FC and MC trigger the necessary agents and send local plans to them. While H prepares to accept 

casualties. 
7. S, F1, F2, F3 and 𝑚!

.6# execute their local plans. As for their centres, they use a proactive approach. 
8. No agent can intervene without the area being secured to avoid further unexpected events. When S 

secures the site and completes the execution of its local plan, it informs its centre. 
9. SC transmits the information to c. 
10. c informs FC and MC. 
11. FC and MC inform their agents. 
12. Agents continue their local plans’ execution. Note that F2 cannot take casualties to PRV unless F1 finds 

at least one injured person. Moreover, F3 cannot continue to implement its plan without at least one 
casualty in the PRV. In addition, 𝑚!

.6# can transfer an injured if it is in PRV. 
13. 𝑚!

.6# informs H of its expected time of arrival and the situation of the injured person. 
The last two steps are repetitive until there are no more wounded on site. Figure 2 shows the interaction between 
our model’s agents by adding uncertainty. It is assumed that the road is suddenly blocked during the transfer of 
an injured to a hospital by 𝑚!

.6#. 

 

Figure 2. Interaction between agents under uncertainty: Effect 

The 12 first steps are the same as above. The ambulance’s local plan’s effect is different from the expected result. 
Thus, it stopped the execution of its local plan (12 in red). The following steps describe the additional tasks 
required to resolve the blocked road event: 
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13. 𝑚!
.6# informs MC. 

14. 𝑀𝐶 informs c. 
15. 𝑐	takes further tasks. It finds another road for the hospital and adds new standard plans to the ambulance’s 

local plan.  
16. 𝑐 sends them to MC. 
17. 𝑀𝐶 informs 𝑚!

.6# 

18. 𝑚!
.6# continue its local plan’s execution by performing the new standard plan added to its plan. 

We have given an example of uncertainty about a plan’s effect. Next, we assume that a new casualty is found at 
time t and 𝑚!

.6# is the only agent available (see Figure 3). 

 

Figure 3. Interaction between agents under uncertainty: resource  

The 13 first steps are the same as Figure 1. To solve this problem: 
14. F3 informs FC about the new casualty. 
15. FC informs c. 
16. c assigns a hospital and an ambulance to the injured; we assume it is 𝑚!

.6#. In addition, it adds the 
necessary standard plan to ambulance’s local plan. 

17. c informs MC. 
18. MC informs 𝑚!

.6# 

19. 𝑚!
.6# executes its local plan. 

For the last example, a new casualty is found at time t and there are two available ambulances 𝑚!
.6# and 𝑚)

.6# 
(see Figure 4). 

 

Figure 4. Interaction between agents uncer uncertainty: duration 

Figure 4 has the same steps as Figure 3 but with different assignment where 𝑚)
.6# is the appropriate ambulance 

to transfer the new casualty (step 16). It is assumed that the injured person has to be transferred to the hospital in 
a time interval that is less than the time it takes 𝑚!

.6# to arrive at the site and then transfer the wounded and greater 
than the duration needed by 𝑚)

.6#. 
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Decentralised Architecture   

Figure 5, Figure 6, Figure 7 and Figure 8 show the interaction between the agents of this architecture in the same four cases 
as in the previous architecture.  

 

Figure 5. Interaction between agents 

The steps below describe Figure 5:  

1. When SC, FC, MC and H receive an alert, they generate their local plan using the proactive-reactive-
progressive approaches. It means their plans are generated offline and will be executed online. If an event 
disturbs their plans, they use the reactive or the progressive approach depending on the type of 
uncertainty to solve the problem. With the exception of H, centre agents assign the necessary agents to 
go to the site. 

2. Each centre informs its agents. 
3. When they receive the decision, they generate their private plans and start to execute it. 
4. To avoid further unforeseen events, S informs all agents present on site when the area is secured. 
5. Idem 12 
6. 𝑚!

.6# informs H of the injured situation. 
7. H assigns a hospital to the injured person. 
8. H informs 𝑚!

.6#. 
9. 𝑚!

.6# executes the rest of its local plan. 
Note that steps 6 to 9 are repetitive for every casualty. Thus, progressive approach is the best to use in this case. 
Now, if the road is suddenly blocked, 𝑚!

.6# uses the reactive approach and searches for another road to the hospital 
(Figure 6: step 9 in red).  

 

Figure 6. Interaction between agents under uncertainty: effect 

If new casualty is found at time t and 𝑚!
.6# is the only available agent: 

10. F3 informs all the ambulances. In this example, there is only one ambulance. 
11. 𝑚!

.6# adds a new standard plan that allow it to return to site and executes it. 
12. It also adds a new standard plan to transfer the injured to a hospital. It executes it. 
13. Idem 6 
14. Idem 7 
15. Idem 8 
16. Idem 9 



CHAHINE et al. Multi-Agent Dynamic Planning for Crisis Rescue Plans. 
 

WiPe Paper – AI and Intelligent Systems for Crises and Risks 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

253 

 

Figure 7. Interaction between agents under uncertainty: resource  

If there are two available ambulances for the new casualty: 

10. Idem 10 
11. The nearest ambulance to the site will transfer the injured to the hospital. It informs the other ambulances. 

In the following steps, 𝑚!
.6# is replaced by 𝑚!

.6$ 
12. Idem 11 
13. Idem 12 
14. Idem 13 
15. Idem 14 
16. Idem 15 
17. Idem 16 

 

Figure 8. Interaction between agents under uncertainty: duration  

Decentralised Architecture Vs Centralised Architecture 

Table 1 shows the decision-makers in each architecture and the decisions they make to help casualties. Although 
we have not simulated our scenario, based on all the figures above, we notice that the communication is higher in 
centralised architecture than in decentralised architecture when there is no uncertainty. The difference between 
the two architectures concerning communication to choose the most suitable available ambulance to transfer a 
casualty is that the communication in decentralised architecture depends on the number of ambulances. Moreover, 
despite the fact that c needs a large data space to save all the libraries of all the agents, it browses them all to find 
the requested one to build the plan of the requested agent. In addition, it can handle one request at a time. In other 
words, it collects all the requests in a list, and treats them one at a time using FIFO (First In, First Out) method. 
Yet, what happens if there is one demand that is more important than the others? For example, we assume that the 
route is blocked when 𝑚!

.6# and 𝑚)
.6# transfer 𝑥! and 𝑥)	to h1 and h2, respectively (see Figure 9). 𝑥! must be 

transferred in a time interval shorter than 𝑥), but, the request of  𝑚)
.6#  is the first one received by c (t1 < t2). In 

this case, c treats the demand of 𝑚)
.6# before 𝑚!

.6# and there is a risk of losing 𝑥!. The time for re-planning and 
allocation can be very long. The distribution of decisions between agents in the decentralised architecture solves 
this problem. Furthermore, each agent has its own library which can access it quickly. Yet, the data space depends 
on the agents’ number involved in a decentralized architecture.  
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Table 1.  Decision-maker in both architectures 

 Centralised Decentralised 
Agent S -  
Agent SC - Number of 

agents required 
to respond 

Agent F1 - - 
Agent F2 - - 
Agent F3 - Injured priority 
Agent FC - Number of 

agents required 
to respond 

Agent MC - Number of 
agents required 
to respond 

Agent 𝑚!
.6# - The route and 

which injured to 
transfer 

Agent H - Appropriate 
hospital 

Agent c All the decisions - 
 

 

Figure 9. Example of how central agent handles requests  

CONCLUSION 

The ORSEC plan gives an overview of the actors’ missions and the coordination between them to save the victims 
without taking into account the sudden events that can disrupt their missions. Operational level actors face many 
uncertainties in achieving their goals. In this context, a multi-agent model for the operational level is proposed in 
this work to show the coordination of actors at this level and their ability to cope with these uncertainties. It is 
presented in a theoretical way in a centralized architecture. Some examples of how an agent can behave in this 
architecture to deal with a sudden event are explained. The agents of the scenario and the distribution of decisions 
in the two architectures is also discussed.  

To validate proposed model, future work should simulate the two architectures to automatically generate plans 
for agents using a mixed planning approach. Then, they will be tested and compared to indicate which one is the 
best for our problematic.  
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ABSTRACT 

The lack of availability of large and diverse labeled datasets is one of the most critical issues in the use of machine 
learning in disaster prevention. Natural disasters are rare occurrences, which makes it difficult to collect sufficient 
disaster data for training machine learning models. The imbalance between disaster and non-disaster data affects 
the performance of machine learning algorithms. This study proposes a generative adversarial network (GAN)-
based data augmentation, which generates realistic synthesized disaster data to expand the disaster dataset. The 
effect of the proposed augmentation was validated in the roof damage rate classification task, which improved the 
recall score by 11.4% on average for classes with small raw data and a high ratio of conventional augmentations 
such as rotation of image, and the overall recall score improved by 3.9%. 

Keywords 

disaster response, generative adversarial networks, data augmentation, damage classification. 

INTRODUCTION 

Deep learning, as a subset of machine learning, has attracted attention owing to its performance and variety of 
applications. Recently, machine learning has been applied to disaster prevention (Miyamoto et al., 2020), which 
prevents or mitigates damage from natural disasters, such as earthquakes and floods, and quickly recover from 
damage. For example, disaster occurrence (Anand and Miura, 2021; Lee et al., 1942), damage scale (Chaurasia et 
al., 2019; Fujita and Hatayama, 2021), and damage detection (Miyamoto and Yamamoto, 2020) to gather the 
situation of damage after the disaster.  

The great success of deep learning is not only because of the improvement of its architecture, but also the amount 
and variety of available training data. A large amount of training data allows deep learning models to learn the 
features of the data and produce the desired results. The recent trend of digital transformation (Dx) has enabled 
more data to be digitalized and become available as big data (Miklosik and Evans, 2020). This trend has 
accelerated the use of deep-learning methods. However, data collection remains a critical bottleneck in several 
fields (Roh et al., 2021). In particular, the collection of a sufficient amount of natural disaster data for deep learning 
is difficult because of the following reasons. 

• Generally, natural disasters do not occur frequently; thus, compared with non-disaster data, there are 
fewer opportunities to collect disaster data.  

• Because natural disasters are rare, the development of information technology is relatively fast. As a 
result, the data format used in the previous disaster may be obsolete, making the data collection difficult.  

• Even when a natural disaster occurs, it is highly likely that it will destroy essential infrastructure, which 
interferes with data collection in the field.  

• Moreover, because safety is a top priority, the number of workers available for data collection is limited. 
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Because non-disaster data are relatively easy to collect, disaster datasets tend to contain more non-disaster data 
than disaster data. A data imbalance leads to other critical problems when training the models. When there is a 
data imbalance in the training data, models tend to overclassify the majority class because of the increased prior 
probability (Johnson and Khoshgoftaar, 2019). Consequently, minor data classes are misclassified more 
frequently than majority data classes. In addition to the neural-network-based model, data imbalance is another 
issue (Anand et al., 1993). Training neural network-based models with imbalanced data affects the gradient 
components. The gradient component of the minor class is shorter than the gradient component of the majority 
class. This indicates that the majority class is the principal component used for updating the weights of the model. 
This reduces the loss of the majority class in the early epochs but increases the loss of the minor class. This causes 
slow convergence in the training. Generally, deep learning models require at least 5,000 labeled data per class to 
achieve sufficient performance, and 10,000,000 data per class to achieve performance comparable to or better 
than humans (Goodfellow et al., 2016). The cost of correcting a large amount of data is extremely high. If the 
dataset is small, machine learning models learn the features that exist only in the training data and are not common 
in the real world. This phenomenon is known as overfitting. When a model is overfitted to the training data, the 
generalizability of the model is lost, and its performance is significantly reduced.  

To address overfitting and data imbalance issues, data augmentation techniques are commonly used to increase 
the amount of data. Simple image transformations, such as rotation and mirroring, or image processing, such as 
color jittering, are known to be treated as different data samples from the original data, which allows a tenfold 
increase in the number of samples in a dataset (Krizhevsky et al., 2012). However, these conventional data 
augmentation methods produce only a limited variety of alternative data (Antoniou et al., 2018). Therefore, 
generative adversarial network (GAN)-based data augmentation has recently attracted considerable attention. In 
GAN-based data augmentation, conditional GAN (Mirza and Osindero, 2014), which adds a condition vector to 
the generator as an input to regulate the output, is widely used, particularly for segmentation tasks in the medical 
field (Bowles et al., 2018; Sandfort et al., 2019; Wickramaratne and Mahmud, 2021). Other studies (Frid-Adar et 
al., 2018; Maeda et al., 2021; Moradi et al., 2018) used nonconditional GANs to augment training data with 
significant results in both classification and object detection tasks. 

This study addresses the imbalance of collected disaster data, which is one of the most critical problems when 
machine learning is used for disaster prevention. The application considered in this study is the classification of 
an earthquake-damaged roof (Fujita and Hatayama, 2021), which aims to automate the calculation of the roof 
damage rate for issuing a disaster certificate. 

The remainder of this paper is organized as follows. Section 2 discusses the literature related to this study. Section 
3 describes the approaches used in this study. The results and discussion are presented in Section 4. Finally, 
Section 5 presents the conclusions of this study.  

RELATED WORKS 

Generative Adversarial Networks 

 

 
Figure 1. The structure of generative adversarial networks 

 

GANs are a type of generative model that can generate new data based on extracted features from training data 
(Goodfellow et al., 2014). A GAN is composed of two neural networks: a generator (G) and a discriminator (D) 
(Figure 1). The generator is a generative model that captures the data distribution and generates a new data instance 
using the latent variable Z, which can be random noise from a uniform or normal distribution. The discriminator 
is a discriminative model that evaluates the authenticity of the generated data by estimating the probability that 
the input data comes from the training data rather than the generator’s data. By training these two networks 
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simultaneously, the generator learns to generate new data that are close to the training data distribution, which is 
more realistic, and the discriminator learns to improve the accuracy of distinguishing the input sample as real or 
fake data from the generator. This means that GAN training is a two-player minimax game in which the objective 
is to determine the Nash equilibrium. The cost value is calculated as follows: 

  

where  represents the score when the discriminator recognizes real data and 1 -  represents the score 
when the discriminator recognizes fake data. The discriminator is trained to maximize the probability of correctly 
recognizing data as real or fake, while the generator is trained to generate realistic data to minimize 

, which is the score at which the discriminator correctly recognizes the generated data. 

Because GAN can generate realistic high-quality images, it has been applied to many practical applications 
(Jabbar and Omar, 2020), such as simple image generation tasks (Hamada et al., 2018; Kodali et al., 2017), image 
synthesis tasks (Dolhansky and Ferrer, 2017; Li et al., 2018; Wu et al., 2019), and super-resolution tasks (Ledig 
et al., 2017; Xu et al., 2021). In addition to image generation, GAN has been used to generate text (Lin et al., 
2018) and music (Mogren, 2016). Although GAN has achieved a breakthrough in generative models in terms of 
quality, challenges remain in GAN training (Jabbar et al., 2020). Mode collapse is the most critical problem 
associated with GAN training, which occurs when the generator produces outputs that are all the same or very 
similar. Mode collapse occurs because the discriminator evaluates generated images based on quality rather than 
diversity. Therefore, the generator succeeded in deceiving the discriminator with less diversity data. To address 
this problem, a progressively growing GAN (PG-GAN) (Karras et al., 2018) adopted a multi-scale-based GAN 
architecture that stabilizes training and avoids mode collapse by training both the generator and discriminator 
from lower resolution to higher resolution. However, this multi-scale-based GAN is independent of each other, 
resulting in the generation of features that should be shared within a generator, with no changes from module to 
module. StyleGAN2 reconstructs its architecture to avoid this problem (Karras et al., 2020b). Details of 
StyleGAN2 are discussed in the following section. In this study, StyleGAN2 was used to generate high-quality 
synthetic damaged-roof images. 

Generative Adversarial Networks for data augmentation 

In principle, deep learning models make predictions based on training data. In other words, deep learning models 
cannot perform well when they encounter new features. Therefore, to avoid overfitting and achieve high 
performance in the real world, deep learning models require a diverse and general dataset (Shorten and 
Khoshgoftaar, 2019). Many studies (DeVries and Taylor, 2017; Inoue, 2018; Moreno-Barea et al., 2018; Taylor 
and Nitschke, 2017) have been conducted on data augmentation to increase the amount of data by applying image 
processing, GAN-based data augmentation is one of them. GANs have gained popularity as data augmentation 
applications because of their impressive performance (Shorten and Khoshgoftaar, 2019). In fact, GAN-
synthesized data can provide add to the information in a dataset (Bowles et al., 2018). GAN-based data 
augmentation is a potential solution to the lack of large and diversified datasets. GAN-based data augmentation 
is popular in the medical field (Bowles et al., 2018; Sandfort et al., 2019; Wickramaratne and Mahmud, 2021), 
which is another field that suffers from the lack of large datasets. For example, cycle GAN (Zhu et al., 2020) was 
used to improve the generalizability of CT image segmentation tasks (Sandfort et al., 2019). Another field that 
studies GAN-based augmentation is civil engineering, which is more closely related to disaster prevention. For 
example, Gao et al. (2019) showed that the use of DCGAN-based augmentation (Radford et al., 2016) enhances 
the performance of the damage state classification model. 

Image-based Damage Classification in Disaster Prevention 

As mentioned in the previous section, several studies in the disaster prevention field have applied machine 
learning. Building damage assessment automation, a popular application of machine learning in disaster 
prevention, is expected to alleviate manpower shortages and streamline the process of receiving support. Fujita et 
al. (2017) proposed using convolutional neural networks (CNNs) for binary classification of washed-away 
buildings from aerial images. Liu et al. (2021) proposed a more advanced system to locate individual buildings 
using aerial images and classify the damage into four levels: no damage, minor damage, major damage, and total 
damage. While Fujita et al. (2017) and Liu et al. (2021) are studies that support disaster management in general, 
Fujita and Hatayama (2021) proposed a system for automating disaster certificate issuance, which is a more 
concrete and practical objective. Fujita and Hatayama (2021)’s system classifies the roof damage rate into five 
levels and calculates the damage rate of the roof of a building from an aerial image for automating disaster 
certificate issuance. A disaster certificate is used to determine the content of support for victims.  

Table 1 lists the data augmentation methods used in the literature. Fujita et al. (2017) and Fujita and Hatayama 

V (D, G ) = min
G

max
D

!x"pdata(x)[log D(x)] + !z"pgenerated(z)[1 # log D(G (z))]

D(x) D(G (z))

log(1 ! D(G (z))
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(2021) used geometric transformations, such as vertical and horizontal flipping and rotation, as data augmentation. 
Geometric transformation is a widely used augmentation method owing to its low implementation cost. 
Additionally, it is common to use aerial images for building damage detection models that contain various angles 
and positions of buildings; therefore, a geometrical transformation is necessary. However, the variety of building 
styles cannot be augmented by geometrical transformations. According to Bowles et al. (2018), synthesized data 
from a GAN can provide additional information from a dataset. Tilon et al. (2020) proposed a GAN-based building 
damage detection model, but the main purpose of the model was not to augment data but to directly integrate it 
into an anomaly detection model. Existing studies on post-disaster building damage detection models only use 
augmentation with geometric transformation, and GAN-based augmentation has not been addressed (Fujita et al., 
2017; Fujita and Hatayama, 2021; Liu et al., 2021). Therefore, this study proposes GAN-based data augmentation, 
which is expected to extract new features from small-sized datasets to improve the model’s robustness. 

Table 1. Summary of augmentation methods in the literature 

 Data Augmentation Flipping Rotating GAN-based 

Liu et al. Not mentioned Nan Nan Nan 

Fujita et al. Yes Yes No No 

Tilon et al. Not mentioned No No No 

Fujita and 
Hatayama 

Yes Yes Yes No 

 

For disaster prevention, where practicality is vital, it is important to develop a system with a specific purpose. 
Therefore, this study addresses the study by Fujita and Hatayama (2021), which is one example of the lack of 
disaster data, as an application to verify the effects of the proposed GAN-based data augmentation. 

METHOD 

Overview 

The flow of this study is illustrated in Figure 2. Note that for the fairness of comparing the classification scores, 
this study strictly follows the training flow proposed by Fujita and Hatayama (2021). In the first step, the 
StyleGAN2 model was trained using the damaged-roof image dataset (Fujita and Hatayama, 2021). Next, the 
generated images were divided into roof segments and annotated for use in the training classification model. 
Annotated data were added to the original dataset. Finally, the damage classification model was trained using a 
dataset with StyleGAN2-based augmentation.  

 
Figure 2. The flow of the study 

Dataset 

In this study, the damaged-roof image dataset from the 2016 Kumamoto Earthquake in Japan was used to generate 
synthesized images and classify the roof damage rate. This earthquake had a maximum magnitude of 7.3, making 
it one of the largest in Japan and causing severe damage to both humans and buildings. The original data are 
orthophoto map data from aerial photographs taken by the Geospatial Information Authority of Japan shortly after 
the earthquake occurred. Subsequently, Fujita and Hatayama (2021) developed a trimming algorithm that uses 
both the orthophoto map and building polygons from geospatial information data to trim individual buildings from 
the orthophoto map. The trimmed dataset contained 714 damaged and 530 undamaged images. The size of each 
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image was 256 × 256 pixels. In this study, the dataset was first subjected to data augmentation and image 
processing, and then annotated to train the damage-rate classification model, as detailed in the following sections. 
A summary of the datasets is presented in Table 1. Note that the number of no-damage roof segment images in 
the original data was reduced by Fujita and Hatayama (2021) to moderate the imbalance of data, and damaged 
roof segment images are augmented by mirroring or rotating at 90°, 180°, and 270°, except for the data in the -25 
damage category, which has a relatively sufficient amount of data. 

 

 
Table 2. Summary of dataset 

 Raw Dataset Raw data with 
simple 
augmentation 

Raw data with 
StyleGAN2-based 
augmentation 

Test Data 

No Damage 2221 1103 2221 242 
-25 Damage 1342 1342 1613 52 

25-50 Damage 
50-75 Damage 
75- Damage 

436 
248 
145 

872 
992 
1160 

747 
536 
563 

40 
22 
16 

Generation of synthesized images 

In this study, StyleGAN2 (Karras et al., 2020b) was used to generate the synthesized damaged roof images. 
StyleGAN2 shares the same basic structure as StyleGAN (Karras et al., 2019). StyleGAN has been drawing 
considerable attention because of its ability to generate highly accurate images of people and cars that can even 
deceive humans. The structure of the generator is the main improvement over conventional GANs proposed by 
Karras et al., (2019). In contrast to a conventional GAN, the generator of a StyleGAN is composed of two 
networks: a mapping network and a synthesis network. The mapping network is composed of eight fully connected 
layers. The aim of this network is to use a nonlinear transformation to project a latent variable  (a vector of 
random numbers) into a multi-dimensional feature space  of style information. This trick reduces the 
entanglement of the latent space; thus, the projected feature space  becomes smooth and a specific feature is 
mapped to a variable , where , for example,  represents the size of the roof and  represents the 
number of roof segments. Similar to PG-GANs, the synthesis network is composed of several modules that 
generate the synthesized image from low to high resolution to stabilize the generation of high-resolution 
synthesized images. However, the synthesis network does not generate synthesized images from a latent variable 

 or projected feature space but from a constant tensor with a size of 4 × 4 × 512. Each module of the synthesis 
network receives two additional inputs: variable and random noise. A variable  determines the global features, 
such as the shape of the roof, while random noise determines the local features, such as the texture of the roof. 
StyleGAN generates the stunning quality of the synthesized images, but there is still room for improvement. 
Karras et al. (2020b) analyzed the generated images from StyleGAN and found that there is still room for 
improvement. For example, they confirmed that an unnecessary mode called a droplet, which is drop-shaped 
noise, makes generated images less realistic and adds other minor unnatural features. Therefore, Karras et al. 
(2020b) proposed StyleGAN2, a revised StyleGAN architecture. In particular, the normalization method is 
redesigned, and residual connections are introduced to connect modules of different resolutions in the synthesis 
network and regularize the output from the synthesis network to increase the smoothness of the generator and 
improve the quality of the synthesized images. 

To generate the synthesized damaged roof images, StyleGAN2 was trained on 714 images from the dataset 
mentioned in the previous section. The input data to the discriminator were augmented using adaptive 
discriminator augmentation (ADA) (Karras et al., 2020a), which adaptively augments the training data to avoid 
overfitting and mode collapse. The model’s input batch size was eight, with 256 × 256 images. Both the 
discriminator and generator were optimized using Adam. In this study, the model was trained on a computer with 
an NVIDIA GeForce GTX 2080 8 GB GPU for five days. In this study, 250 images were generated for the primary 
investigation, and these images were purely generated from trained StyleGAN2, and they were not selected based 
on the quality or variety of the feature. Examples of real and generated images are shown in Figures 3 and 4. 
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Figure 3. The examples of real damaged roof images 

 
Figure 4. The example of generated synthesized damaged roof images 

Division of roof images 

In the next step, the generated synthesized damaged roof images were divided into roof segments. The division 
of roof images is necessary because the roof damage rate for issuing damage certificates is calculated using the 
following equation: 

 (2) 

As shown in Equation (2), the damage level must be calculated using the roof segment. To divide the roof image 
into roof segments, Fujita and Hatayama (2021) used a deep-learning-based instance segmentation model called 
mask R-CNN (He et al., 2018). Mask R-CNN achieved outstanding performance in the COCO challenge in 2016 
for the tasks of instance, segmentation, bounding-box object detection, and person keypoint detection. The data 
to be divided is a rod of buildings in Japan, but the original mask R-CNN was trained with the COCO dataset, 
which mainly lacks Japanese-style roof images for segmentation. Therefore, Fujita and Hatayama (2021) fine-
tuned the R-CNN pre-trained model using the dataset described in the previous section. This pre-trained model 
segmented the synthesized damaged roof images before post-processing divided them into roof segments; 
examples of these are shown in Figure 5. As a result, the divided synthesized damaged roof images augmented 
the original dataset used in Fujita and Hatayama (2021) with an additional 200–300 images (Table 1). 

 
Figure 5. The Example of Dividing Synthesized damaged roof image in  

Training of the classification model 

Finally, the StyleGAN2-based data augmentation was verified using the damage rate classification model. For 
roof damage classification tasks, Fujita and Hatayama (2021) used a deep-learning-based classification model 
called ResNet (He et al., 2015). ResNet won the ILSVRC 2015 classification task and has become one of the most 

Damage rate = !
i

Area of roof segmenti
Area of entire roof

! Damage level of roof segmenti
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popular in computer vision models. Generally, increasing the number of layers improves the ability of deep 
learning models; however, there is a limit to the increase in the number of layers. Backpropagation is a technique 
for optimizing model parameters in deep learning models that propagate the computed loss of the last layer to the 
input layer. However, when the number of layers is large, the gradient of the computed loss vanishes in the middle 
of the hidden layers, causing the parameters to be incorrectly updated. ResNet addresses this problem by adding 
a residual block that bypasses the data from one layer to another (skip connections). The architecture of ResNet 
is widely used in many deep learning models. 

The details of the training in (Fujita and Hatayama, 2021) are as follows. The model was trained using pre-trained 
ResNet50 and ResNet with 50 layers on the ImageNet dataset and fine-tuned for 500 epochs. The input size to the 
model was 256 × 256 with a batch size of eight, and 20% of the training data were used for validation. In this 
study, the model was trained on a computer with an NVIDIA GeForce GTX 2080 8 GB GPU for approximately 
5 h. 

RESULTS AND DISCUSSION 

Table 2 summarizes the results of the classification evaluated with the test data as a confusion matrix, where the 
column of the table indicates the predicted results and the row of the table indicates the labels. The recall scores 
for each class were 71% for no damage, 44% for –25 damage, 25% for 25–50 damage, 23% for 50–75 damage, 
and 38% for 75–damage. Table 3 compares the recall score of Fujita and Hatayama (2021)’s study that used 
simple conventional augmentation, with the results of this study, which included StyleGAN2-based augmentation. 
The average recall score of the classification result trained with the proposed dataset improved by 3.9%. For the 
class with a small amount of raw data and a high ratio of simple augmentations, such as mirroring and rotation, 
in the original dataset, which are 25–50 damage, 50–75 damage, and 75–damage classes, the average reproduction 
rate increased from 17.3% to 28.7%, a 11.4% improvement. The results confirm that StyleGAN2-based data 
augmentation outperforms traditional data augmentation methods, particularly for classes with small sample size 
in the raw dataset. Although the effect of StyleGAN2-based data augmentation was verified, the proposed method 
has several limitations. The research conducted by Naito et al. (2020) shows that the regional dependency of the 
dataset affects the accuracy of the model; however, this is not considered in the proposed method. The proposed 
method generates synthesized images based on the existing post-disaster roof dataset, which cannot be extended 
to other regions. Data transformation is required to extend the damaged roof dataset to data from other regions. 
StyleGAN2 can generate new high-quality roof styles, but it is difficult to generate a specific type of roof that fits 
the target region. Additionally, a dataset of the target region is very likely to exist. Therefore, future research 
should consider alternative GAN models. Cycle-GAN (Zhu et al., 2020) is one possibility. In the targeting region, 
this model transforms the style between two unpaired datasets, such as the damaged roof and the non-disaster roof 
datasets.  

 

 

  
Table 3. Confusion Matrix of damage rate classification 

 No Damage –25 Damage 25–50 Damage 25–50 Damage 75– Damage 
No Damage 173 45 7 3 12 
–25 Damage 17 23 5 2 5 
25-50 Damage 
50–75 Damage 
75– Damage 

7 
8 
0 

16 
1 
4 

10 
0 
3 

3 
5 
3 

4 
8 
6 

 

Table 4. Recall Scores 

 No Damage –25 
Damage 

25–50 
Damage 

25–50 
Damage 

75– 
Damage 

Average 

Fujita and 
Hatayama. 

2021 

75 56 13 14 25 36.3 

Ours 71 44 25 23 38 40.2 
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CONCLUSION 

This study investigated StyleGAN2-based data augmentation, and its validity was verified by the application of 
the roof damage rate classification task. The results show that for classes with small raw data sizes, the 
StyleGAN2-based data augmentation improves the recall score by 11.4% on average, and a high ratio of simple 
augmentations and overall recall score improved by 3.9%. Based on this result, the proposed augmentation method 
can be a breakthrough in machine learning applications in disaster prevention, where disaster data collection is 
difficult.  

Currently, the dataset contains approximately 1000 images for each class; however, as discussed in previous 
sections, this is insufficient to achieve acceptable performance. Therefore, future work should focus on increasing 
the ratio of synthesized images in the dataset. Furthermore, an evaluation of the synthesized images is planned. 
The quality of the synthesized images is essential not only for improving the models’ ability but also for ensuring 
their accountability. Accountability is important in the disaster prevention field because the decisions made by 
the model can be a matter of life; thus, users are very sensitive to the validity of the model's decisions. 
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ABSTRACT 

All countries have to face the COVID’19 pandemic and its heavy consequences.  This sanitary crisis differs from 
all others in terms of the quick spread of contaminations, the high number of deaths (more than 5,5 Million 
globally and 123,893 in France) and the accrued number of patients hospitalized and induced in intensive care 
units. All sanitary procedures have proven to be inadequate. Several actors at different levels, whether 
international, European, national and local, as well as at the level of public and private organizations have been 
involved in the management of this type of crisis. These actors deal with different aspects of it, i.e., health, people 
protection, and economic and social situations. Existing procedures revealed a big lack in the relationships 
between different local and departmental actors. We did a number of interviews with strategic actors addressing 
the COVID’19 crisis in the City of Troyes. The objective of these interviews is to identify lessons learned from 
their experience feedback about relational problems and modifications needed.  We present in this paper the first 
results of this study.  
Keywords 

Experience feedback, MASK method, COVID19 crisis Management, actors’ relations formalization 

Introduction 

Even though medical actors have been prepared to deal with sanitary crises, they faced multiple challenges in the 
management of theCOVID’19 pandemic. Different problems have been identified especially in terms of 
coordination and interdependencies between the actors addressing this type of crises who are not limited to 
medical staff and institutions, but also include different actors such as Emergency and rescue actors, Hospital 
administration, Regional Health Agencies, Ministry of Health, Socio-medical Agencies, Government delegates, 
communal and departmental leaders and organizations, death organizations, Ministry of Economy, public 
communication organizations, Minsitry of Borders, etc. While these different organizations did indeed interact 
with one another priority to COVID’19 crisis, they were required to identify their mutual interdependent activities 
and to modify their activities in order to consolidate coordination efforts. We present in this paper, their experience 
feedback putting on activities’ modifications and problems. At the end of this paper, recommendations based on 
the capitalization of these problems are offered.  
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COVID ‘19 CRISIS SITUATIONS BETWEEN 2020-2021 

The onset of the COVID’19 pandemic and ensuing crisis took place in Wuhan, China. It largely spread to the 
world due to its high index of contamination and the movement of populations. The consequences of this virus, 
around the world were very heavy due to the high number of deaths. The entire human race had to face the 
ramifications of the pandemic, similarly to a world war due to the high rate at which the virus and its mutations 
were spreading. In fact, 324 million contaminations and 5,53 million deaths have been recorded by December 
2021 around the world. In France alone, for instance, 13,4 million contaminations and 124000 deaths were 
recorded1. Health organizations, generally deal with pandemics such H1N1, plagues, Ebola, ... While they had 
defined a specific plan in order to face this type of pandemics (Figure 1),it was revealed that it was inappropriate 
to address COVID’19. These organizations had to be reorganized and to work with other social and economic 
organizations. This paper shows the organizations reorganizations’ changes in a small city (Troyes, on the North-
East, first department touched by the virus in 2020) in France based on the experience feedback of emergency and 
health organization actors.  

 
Figure 1. Pandemic Plan of French Health organizations 2 

SANITARY ORGANIZATIONS DEALING WITH COVID’19 CRISIS IN TROYES 

Different actors are included to manage territory crises in France. The ORSEC Plans3 identify different functions 
for each security actors along with the crisis and corresponding gravity and extension (Figure 2). The first actor 
concerned by a crisis is the mayor who has to identify the gravity of the situation and requires the help of the 
Government Delegate and Department who coordinates means.  They can ask means and directives from French 
national institutions and ministries as well as and European organizations.  

 
1 https://www.santepublique 
2 pandémie grippale” n°850/SGDSN/PSE/PSN d’octobre 2011. octobre 2011. S.l. : Secrétariat Général de la Défense et de la 

Sécurité Nationale. p.11. 
3 PREMIER MINISTRE, 2019. Circulaire n°6095/SG du 1er juillet 2019 relative à l’organisation gouvernementale pour la 
gestion des crises majeures. p. 8. 
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Figure 2. ORSEC Plan4 

Troyes is a small city with several spread geographic agglomerations and rural villages. There in one central 
public Hospital at the city with several private clinics and medical centers spread around the city and in big villages 
(Figure 3).  

 
Figure 3.  Medical centers and hospitals in Troyes city and its agglomerations.  

These centers are quickly overwhelmed by COVID’19 patients. For instance, in April 2020, 225% of 
hospitalizations were all in Intensive Care Unit. Figure 4 gives an example of the situations of medical centers in 
Troyes and agglomerations.  

 
4 PREMIER MINISTRE, 2019. Circulaire n°6095/SG du 1er juillet 2019 relative à l’organisation gouvernementale pour la 
gestion des crises majeures. p. 8. 
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Figure 4. The situation of Troyes Medical centers due of COVID’19 5 

Due to this problem, crisis management actors and medical centers reorganized their services and coordination 
systems in order to face this pandemic. We interviewed a number of these actors in order to identify the main 
elements of these changes with a special focus on factors that contribute to failures and successes of this crisis 
management.  

EXPERIENCE FEEDBACK CAPITALIZATION  

Several methodologies can be used to capture and formalize the experience feedback of actors in crisis 
management, brainstorming, interviews with relevant actors, knowledge capitalization techniques, etc. This 
feedback is important to identify key elements to be considered in process, directives and organizations changes 
and to learn from the crisis management organization (Antonacopoulou et al, 2014). We focus in our work on 
relationships between organizations, related to the main requirements of the National Health Agency and the 
Troyes Emergency departments.  

Cartier et al, (2020) studied the resilience of touristic communities in the face of environmental disasters like 
wildfire based on experience feedback formalization. They put out three main questions: constant communication 
between actors, identification of resilient communities and continuous resilience process management.  G. Prayag  
(2018) emphasizes on the importance of relationships between actors and resilience in tourism.  Based on this 
type of studies, the interactions\ modes between different actors that face a new type of crisis such as COVID’19 
can lead to the identification of some recommendations for sanitary organizations and population resilience.   

Methodology of Experience Feedback  

25 semi-supervised interviews have been done with actors belonging to different organizations in the Spring of 
2021:  

1. Department organizations:  

 
5 https://www.coronavirus-statistiques.com/stats-departement/coronavirus-nombre-de-cas-aube 
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a. The Department Government Delegate,  

b. Department Health Agency: The Director, the City responsible and the Defense and crisis 
referent 

2. City Mayors:  

a. Six Rural mayors 

b. Troyes Health responsible  

c. Troyes’s mayor delegate 

3. Hospitals: 

a. The President, the Director and the Health Responsible of Troyes Hospitals Group 

b. The Emergency department Responsible 

c. Two directors of private hospitals 

4. Safety organizations 

a. An Elderly house director 

b. One House help association director 

c. One local Firefighters’ organization responsible 

d. One City doctor 

e. One SOS Doctors member 

These interviews were guided by two objectives, first one was identifying relationships between different actors 
and the second one was emphasizing the problems encountered during the COVID’19 management. The 
constraints MASK model (Figure 5) has been used in order to identify these elements. MASK (Matta et al, 2002) 
is a knowledge capitalization method used in several companies. A co-building model with expert is recommended 
in this approach that helps to identify in pertinent ways the main points to take into account in an activity. In 
MASK, several modeling guides, based on systemic and cognitive modeling theories, are projected in order to 
show the process, goals of tasks, problem solving methods, main concepts used and the influence of rules and 
constraints in activities. In our work, we use the constraints model (Figure 5) to show the influence of relationships 
in COVID’19 Management and problems to avoid.  

 

 
Figure 5.  MASK Models  
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First Results 

Several ontologies have been defined for crisis management. We can note for instance, ISYCRI models (Benaben, 
et al,2008) for crisis coordination that distinguishes between treatment system procedures, process, resources and 
actors from studied situations. In the studied system, concepts such as civil society, people, goods, natural sites, 
event risks, indicators and dangers, help to describe the situation.  MOAC (Limbu, 2012), represents mainly 
classes as Affected Population, Collapsed Structure, Compromised Bridge, Deaths, Infrastructure Damage and 
properties affected by an impact. Moreover, categorizing damages and resources are identified on SoKNOS 
(Babitski et al., 2011). POLARISCO (Elmhadhbi et al, 2021) gathers different modules related to different actors 
in crisis management (PCC or Alert, Police, Firefighters, Public Authorities, Heath Medical and Gendarmerie) 
(Errore. L'origine riferimento non è stata trovata.).  

 
Figure 6. POLARISCO Ontology modules (Elmhadhbi et al, 2021) 

 

In these ontologies, main concepts are identified without distinction between strategic and operational levels on 
crisis management. The identified concepts are of generic nature to represent several crisis management types or 
specific close to operational level as those defined for Rescue operations in ReSont ontology (Chehade  et al, 
2020). In our study we interview actors involved on strategic and decision-making levels. In light thereof, we 
have to emphasize on organizations needed to manage sanitary and especially COVID’19 situations. The main 
distinction was between public and private organizations. Then, medical, social and government organizations are 
identified within the public sector as a concept to consider. When studied, private actors are also taken with a 
consideration for the medical, economic and social dimensions (Figure 7).   
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Figure 7. Actors involved in sanitary crisis management 

 

The use of MASK constraints model guides us to identify needs and problems to address the COVID’19 
management. In fact, medical treatment and hospitalization capacities as we can firstly note, have been identified 
as the important dimension to consider when analyzing constraints models co-built with interviewed actors. 
However, other aspects such as the availability of self-protection means, rapid information sharing and 
cooperative decision making with actors from different organizations and especially public and private ones have 
to be also contemplated. Economic and social tools must also be used in order to reduce the spread of the virus 
and to prevent depression cases within the population due to several lockdowns.  In this study, we focus especially 
on the need to deal with sanitary situations, and on the empowerment of medical systems in a way that allows 
them to care for patients and to prevent cases of death. Several relationships actions have been identified in order 
to respond to these needs (Figure 8): 

• collaboration between public and private organizations,  

• definition of new health organizations including new actors as Transport, social houses, medicines shops, 
city medical houses, etc.  

• Transparency and Information sharing that leads to trust between actors 

• Definition of new procedures including Frequent debriefing meetings with all these organizations.  

Problems as volunteer relationships between some actors and top-down directives without considering local 
situations are defined as failure conditions.   
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Figure 8. Example of COVID’19 management experience formalization using MASK Constraints model: Linking 

between Needs, Problems and crisis management Consequences.  

RECOMMENDATIONS 

Several lessons have been learned when analyzing these models. These lessons push towards a standardization of 
relationships between different actors who can be involved in sanitary crisis management. We can mainly note: 

• Foster long-term and permanent relationships in order to promote the trust between actors and make 
easy information exchanges and collaborative decision making.  

• Enhance territorial experience feedback and especially local crisis management experience 
capitalization in order to adapt directives define adequate procedures and plans.  

• Promote partnerships between public and private medical and social organizations in order to install new 
activities modes and workflows.  

• Define information and experience sharing tools in order to promote best practices and learning 
communities.  

• Consider the integration of different actors in the sanitary procedures (ORSEC Plan) from the beginning 
of crisis management and define new collaborative decision making and debriefing modes.  

• Give more responsibilities to local managers who can adapt national directives and consider real and 
territorial situation conditions  

• Schedule frequent similar sanitary exercises and training in order to maintain relationships between all 
actors involved in this type of crisis.  

• Set up mobile teams in order to touch base with and treat rural and isolated zones.  

These recommendations will be discussed in the Regional and National Health Agencies towards modifications 
of directives and plans from one side and definition of several actions getting ready to manage sanitary crisis.   

CONCLUSION 
 Maintaining trust and good relationships between different actors in crisis management is the main base of 
awareness towards efficient collaboration and sound decision-making. The COVID’19 crisis attests to the 
shortages in existing sanitary procedures especially in the collaboration and coordination between actors. In fact, 
medical actors usually work together, even more so at the level of public institutions. However, to face the 
COVID’19 pandemic, there is a pressing requisite to reorganize collaborations and relationships between public 
and private, medical, economic and social organizations. In this paper, experience feedback has been capitalized 



 
Matta et al, Experience Capitalization of COVID’19 in the city of Troyes 

 

      Practitioners Paper – AI and Intelligent Systems for Crises and Risks 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

319 

using the MASK method show this type of lacks. Different needs and problems have been identified associated 
with the capacities to provide a medical treatment for COVID’19 patients. The analysis of results leads to a number 
of recommended actions in order to address similar sanitary situations at a city level. We aim to extend this work 
to also cover social and economic experiences. This work tends to identify relationships concepts in order to 
enrich existing crisis management ontologies like POLARISCO (Elmhadhbi et al, 2021), MOAC (Limbu, 2012) 
or ReSont (Chehade  et al, 2020).  For this purpose, main types of actors have been identified. Recommendations 
can then be rewritten using properties and rules.  
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ABSTRACT

Epidemic spreading simulation in social networks denotes a set of techniques that allow to assess the temporal
evolution and the consequences of a pandemic. They were largely used by governments and International health
organizations during the COVID-19 world crisis to decide the appropriate countermeasures to limit the diffusion
of the disease. Among them, the existing simulation techniques based on a network model aimed at studying
the infectious disease dynamics have a prominent role and are widely adopted. However, even if they leverage
the topological structure of a social network, they disregard the intrinsic and individual features of its members.
A semantic social network is defined as a structure consisting of interlinking layers, which include a social
network layer, to represent people and their relationships and a concept network layer, to represent concepts, their
ontological relationships and implicit similarities. Here, we propose a novel epidemic simulation framework
that allows to describe a community of people as a semantic social network, to adopt the most commonly used
compartmental models for describing epidemic spreading, such as Susceptible-Infected-Susceptible (SIS) or
Susceptible-Infected-Removed (SIR), and to enable semantic reasoning to increase the accuracy of the simulation.
Finally, we show how to use the framework to simulate the impact of a pandemic in a community where the job of
each member is known in advance.

Keywords

Epidemics, Simulation, Semantic Social Network, Ontology, Crisis.

INTRODUCTION

Pandemics have a huge impact on society as a whole, causing staff shortages in public services, hospitals overloaded
with patients, and deaths. Predicting their evolution is an endeavour of primary relevance since it is the basis
for decisions taken by governments and International organizations that could have huge economic and political
consequences directly impacting on the life of citizens. Epidemic spreading simulation in social networks denotes a
set of computational techniques devoted to foresee the temporal evolution of a disease. For instance, these can
be used to predict how the number of susceptible and infected people and, sometimes, healed persons and deaths
change in time.

Among the existing techniques, those that leverage the topological structure of the social network are widely used
and considered effective by the research community. However, they often disregard the intrinsic and individual
features of the members of the social network such as the age and other specific information such as, for instance,
the job and the hobbies.

A semantic social network (Jung and Euzenat 2007) is defined as a structure consisting of interlinking layers, which
include a social network layer, to represent people and their relationships and a concept network layer, to represent
concepts, their ontological relationships and implicit similarities. An ontology is an explicit formal specification
of a shared conceptualization (Borst 1997; Gruber 1993). By means of one or more ontologies, it is possible to
semantically annotate the nodes of a social network representing its members and, hence, specify their features.
Depending on the domain of interest, it is possible either to reuse existing ontologies or to build them from scratch
by following existing ontology engineering methodologies, such as UPON (De Nicola, Missikoff, and Navigli
2009), NEON (Suárez-Figueroa et al. 2012), and UPON Lite (De Nicola and Missikoff 2016).
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Here, we propose a novel framework for epidemic spreading simulation that allows to describe a community of
people as a semantic social network, to adopt the most commonly used compartmental models for describing
epidemic spreading, and to enable semantic reasoning to increase the accuracy of the simulation. We recall that a
compartmental model is a mathematical model where the population under study is divided into compartments
and with assumptions about the nature and time rate of transfer from one compartment to another (Brauer 2008).
Example are the Susceptible-Infected-Susceptible (SIS) model and the Susceptible-Infected-Removed (SIR) model.

The framework was conceived to simulate disease dynamics but, in principle, can be used also for other types
of spreading processes, such as diffusion of interests in social networks (D’Agostino et al. 2015) and financial
contagion on a trading network (Kali and Reyes 2010).

We show how to use the framework to simulate a pandemic in a community where the job of each member is known
in advance and specified according to the ESCO ontology (Vrang et al. 2014), which is a multilingual classification
of European skills, competences, qualifications, and occupations. In detail, we referred to the guidelines published
by the Italian National Institute for Insurance against Accidents at Work (INAIL) (Iavicoli et al. 2020) that associate
a level of risk with economic activities, which, in turn, are associated with the jobs represented in the ESCO
ontology. Finally, semantic rules are applied to determine the level of risk of each job and simulation is run.

The rest of the paper is organized as it follows. Firstly, we present the related work in the area of epidemic spread
simulation. Then, we give an overview of the simulation framework and we describe an experimentation aimed at
showing its utility. Lastly, the conclusions provide a summary of this research and some possible future research
directions.

RELATED WORK

As seen in the Introduction, compartmental models divide social network members in groups to which associate a
different status devoted to characterize epidemic evolution. Several compartmental models have been defined to
date. An introductory overview of the complex network epidemics field was presented by (Boccaletti et al. 2006).

SIS (Susceptible-Infected-Susceptible) (Hethcote 2000) is a compartmental model to be used when a disease
does not confer immunity as, for instance, in case of tuberculosis, gonorrhea, or computer viruses. In fact, once
susceptible individuals get infected, move into the infected/infectious state. Then, once recovered after a period of
time, they become again susceptible. Finally, they are again exposed to the epidemic. The model is characterized by
two parameters: the transmission rate and the recovery rate.

A similar compartmental model is SIR (Susceptible-Infected-Removed) (Hethcote 2000), which describes diseases
where individuals can also be immunized or passed away. Again, once exposed to infected persons, susceptible
individuals can catch the disease and become infected and contagious. Then, after a period of time they can be
removed. This model is characterized by the same parameters as the SIS model.

SIR Fixed Recovery1 and SIS Fixed Recovery2 are variations of the above-mentioned SIR and SIS where the time
spent infected is fixed rather than happening with some likelihood. Similarly, the SIRS (Susceptible-Infected-
Removed-Susceptible) model (Hethcote 2000) is also a variation of SIR where a removed node can lose his immunity
and become again susceptible.

SEIR (Susceptible-Exposed-Infected-Removed) (Hethcote 2000) (Li et al. 2001) is another variation of SIR with an
additional compartment referred to as Exposed. This allows to model the duration of incubation of a disease by an
individual, which is infected but not yet infectious. Hence, he is contaminated by, for instance, a pathogen but does
not transmit the disease to others and does not show pathological symptoms. There are alternative versions of the
SEIR model, such as the one proposed by (De la Sen et al. 2021) where exposed individuals can be infectious.

A recent compartmental model, named SIDARTHE (Giordano et al. 2020), has been recently proposed to model the
COVID-19 disease spread. This considers eight stages: susceptible (S), infected (I), diagnosed (D), ailing (A),
recognized (R), threatened (T), healed (H), and extinct (E). With respect to the previously described models, the
infected compartment represents asymptomatic or pauci-symptomatic infected that are undetected; the diagnosed
compartment refers to individuals that are less likely to spread infection since, for instance, isolated; the ailing
compartment refers to symptomatic infected individuals that are undetected; the recognized compartment refers to
symptomatic infected individuals that are detected; the threatened compartment refers to infected individuals with
life-threatening symptoms that are detected; the healed compartment refers to recovered individuals; and the extinct
compartment refers to dead individuals.

1See https://pyepydemic.readthedocs.io/en/latest/sir_fixed_recovery.html
2See https://pyepydemic.readthedocs.io/en/latest/sis_fixed_recovery.html
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Finally, (Levashkin et al. 2021) propose to enhance a compartmental model with artificial intelligence methods to
tune model parameters.
Concerning the software applications aimed at running simulations to assess the level of spreading of diseases, we
cite GLEAMViz that put together an epidemic model, mobility data, and population data (Van den Broeck et al.
2011) to produce simulations of the global spread of infectious diseases.
Among the existing facilities for programmers to run simulations, we cite epydemic3, a python library that allows to
implement simulations of epidemic processes on networks by using or customizing the most popular compartmental
models.
With respect to the above-mentioned approaches, our proposal enhances existing compartmental models with
knowledge extracted from a domain ontology and the implementation of reasoning mechanisms. Accordingly, it is
possible to further refine some characteristics of the epidemic processes, such as the contagious likelihood.

OVERVIEW OF THE SIMULATION FRAMEWORK

The proposed simulation framework consists of a semantic social network, a rule repository, a simulation engine
based on compartmental models, and a semantic reasoning engine. A semantic social network consists of nodes
and edges representing, respectively, individuals and their social connections. Each node is associated with one or
more concepts from a domain ontology. The simulation dynamics follow a compartmental model (e.g., SIS, SIR)
and is further enriched by a semantic reasoning mechanism based on rules, which is used to refine the likelihood
of infection of a node of the network. Accordingly, for instance, if the node 1 is annotated by the concept A the
infection likelihood is 0.8. Alternatively, if the node 1 is annotated by the concept B the infection likelihood is 0.4.
In the following subsections we present a case study, used as running example, and the software architecture to
implement it.

Case Study

As running example, we present the case of a small-town with 10.000 inhabitants where their occupations are
known in advance. We assume that their interactions happen during the work practice of the inhabitants. Knowing
the likelihood of a node of being initially infected, the aim of the case study is to predict the temporal evolution of
an epidemic.

Software Architecture for Semantic Social Network Simulation

The software architecture for enabling simulation of epidemic spreading in semantic social networks consists of
three layers. The knowledge base, for gathering knowledge to be used for simulation dynamics, the application
layer to enable simulation execution, and the front-end to configure the simulation data and visualize the simulation
results. Figure 1 shows the described software architecture.

Knowledge Base

The knowledge base includes a semantic social network that, in turn, consists of a domain ontology and a social
network, and a rule repository, gathering rules based on the domain ontology to specify the infection likelihood of
social network members. The semantic social network can be specified by following the FOAF (Friend-Of-A-Friend)
ontology (Brickley and Miller 2012). Alternatively, it can be specified as a GML (Graph Modeling Language)
file, which is a format for storing network data, and a domain ontology. A GML file allows to represent the social
network members, their social connections, and the links between members and domain ontology concepts by means
of GML node attributes. In the case study, the social network was generated as a scale-free network by means of the
Barabási-Albert algorithm (Barabási and Albert 1999), mainly to emulate the preferential attachment mechanism in
creating connections between its members, and the occupations were randomly assigned by using the concepts from
the ESCO (Vrang et al. 2014) domain ontology. This ontology has been built by the European Commission and
provides a multilingual classification of European skills, competences, qualifications and occupations. It includes
2942 occupations, which are connected to economic activities specified as NACE codes (Eurostat 2008). Rules
allow to assign infection likelihood by accessing ontological knowledge. An example or rule is the following:

If an individual works in the “human health activities” sector then the infection likelihood is high.

In the case study, the rules are based on a technical document of the Italian INAIL, which is the National Institute
for Insurance against Accidents at Work (Iavicoli et al. 2020). In this document, NACE codes are associated with
the level of risk of being infected by the COVID-19 virus.

3epydemic website: https://pyepydemic.readthedocs.io/en/latest/
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Figure 1. Software architecture implementing the simulation framework for epidemic spreading in semantic social
networks

Application Layer

The application layer consists of five modules aimed at managing the knowledge base, simulation configuration, and 
simulation execution.

The configuration manager has several tasks. First, it allows user to select and load the domain ontology that 
semantically enriches the social network. Then, it allows user to select and load a social network or, alternatively, to 
configure a network generation algorithm. Finally, it allows to set up simulation runs by selecting and configuring 
the compartmental model (e.g., SIS, SIRS) to be used for simulation, by configuring simulation dynamics (e.g., 
simulated time) and infection probabilities, and by configuring the number of simulation runs. We used four 
compartmental models for the simulation of the case study scenario, i.e. SIS, SIR, SIRS, and SEIR. In the SEIR 
model, we also assumed that exposed individuals are infectious, the likelihood of infection from symptomatic 
individuals is the same for all, and the likelihood of infection for an individual from symptomatic individuals 
depends on the risk level associated with her/his occupation. Table 1 includes the likelihood values used to set up 
these compartmental models. In detail, liH, liHM, liLM, and liL are the infection likelihood values associated with, 
respectively, high risk, medium-high risk, medium-low risk, and low risk occupations. lrec is the likelihood of 
recovery for an infected individual and lrem is the likelihood of an individual to be removed. lsus is the likelihood 
of an infected individual to become again susceptible. liH,as, liHM,as, liLM,as, and liL,as are the likelihood values for 
individuals associated with, respectively, high risk, medium-high risk, medium-low risk, and low risk occupations to 
be infected from asymptomatic individuals. Finally, li,s is the likelihood of infection from symptomatic individuals 
(for the sake of simplicity, we assume this is the same for all the occupations) and ls is the likelihood of an 
asymptomatic (exposed) individual experiencing symptoms.

The simulation engine is in charge of running simulations based on the selected compartmental model. This module 
is implemented by means of a software application based on epydemic.

The ontology manager is in charge of managing the ontology and by verifying its semantic and syntactic correctness. 
The developed software application uses protégé (Musen 2015), one of the most used ontology management systems.
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Table 1. Simulation parameters: high risk infection likelihood (liH); medium-high risk infection likelihood (liHM);
medium-low risk infection likelihood (liLM); low risk infection likelihood (liL); recovery likelihood (lrec); removal
likelihood (lrem); likelihood of becoming susceptible (lsus); likelihood of infection for an individual associated with
high risk occupations from asymptomatic individuals (liH,as); likelihood of infection for an individual associated
with medium-high risk occupations from asymptomatic individuals (liHM,as); likelihood of infection for an individ-
ual associated with medium-low risk occupations from asymptomatic individuals (liLM,as); likelihood of infection
for an individual associated with low risk occupations from asymptomatic individuals (liL,as); likelihood of infection
from symptomatic individuals (li,s); likelihood of an asymptomatic (exposed) individual experiencing symptoms
(ls).

liH liHM liLM liL lrec lrem lsus liH,as liHM,as liLM,as liL,as li,as ls
SIS 0.7 0.55 0.3 0.05 0.03 - - - - - - - -
SIR 0.7 0.55 0.3 0.05 - 0.03 - - - - - - -
SIRS 0.7 0.55 0.3 0.05 - 0.03 0.05 - - - - - -
SEIR - - - - - 0.03 - 0.7 0.55 0.3 0.05 0.03 0.20

The rule configuration manager aims at implementing encoded rules. These are implemented in the form of
SPARQL4 queries to the aim of retrieving knowledge from the used ontology verifying given conditions. SPARQL
queries are executed by means of the semantic reasoning module that was developed by using the python library
named owlready25. In the case study, SPARQL queries are used to retrieve the risk level associated to an occupation.
The typical query used in the case study is presented in listing 1.

PREFIX skos: <http://www.w3.org/200402/skos/core\#>
PREFIX esco: <http://data.europa.eu/esco/model\#>
PREFIX inail: <http://inail-ontology.it/model\#>
SELECT ?riskLevel
WHERE {

?occ a esco:Occupation .
?occ skos:prefLabel esco:Medical\_doctor .
?occ esco:hasNACECode ?nace .
?nace inail:hasRiskLevel ?riskLevel .

}

Listing 1. Typical SPARQL query to retrieve the risk level associated to an occupation from the ESCO ontology

Front End

The front end consists of three modules: the configuration wizard, the simulation statistics module, and the data
visualization module. The configuration wizard is an editor interacting with the configuration manager and the rule
configuration manager, The simulation statistics module analyses and presents the results of the simulation runs. It
is based on the numpy and scipy.stats python libraries. Finally, the graphs showing the simulation dynamics are
displayed by the data visualization module, which is based on the matplotlib python library.

EXPERIMENTATION

We experimented the simulation framework by using the social network consisting of 10.000 individuals generated
for the case study by using the Barabási-Albert algorithm, the ESCO ontology, and the INAIL recommendations for
assigning risk levels to NACE codes. We configured four compartmental models, i.e., SIS, SIR, SIRS, and SEIR,
and we set the likelihood values for epidemic spreading as shown in Table 1. For each compartmental model, we
executed 5 runs. Figure 2 show the average values of the 5 runs for each compartmental model.

The purpose of the experimentation is to show how the simulation framework can be used, what are the results that
can be generated, and how they can be interpreted.

The first compartmental model used in the experimentation is SIS. From the simulation results shown in Figure 2(a),
we see that the number of susceptible individuals with higher risk levels decay in time faster since they get infected

4SPARQL website: https://www.w3.org/TR/rdf-sparql-query/
5owlready2 website: https://owlready2.readthedocs.io/en/v0.36/
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Figure 2. Progress of epidemic for the small town scenario according to the SIS (a), SIR (b), SIRS (c), and SEIR (d)
compartmental models. Each graph shows the number of persons in compartments against units of time (days).

earlier. After 20 units of time (days), most of the population consists of infected individuals whereas a smaller part 
consists of susceptible individuals having occupations associated with low risk.

The second compartmental model used in the experimentation is SIR. From the simulation results shown in Figure 
2(b), we see that, as in the SIS experiment, the number of susceptible individuals with higher risk levels decay 
in time faster since they get infected earlier. After 25 units of time (days), the number of susceptible individuals 
having occupations associated with low risk is significantly reduced and becomes close to 0. After 100 days, most 
of the individuals have been removed and the only remaining individuals are infected.

The third compartmental model used in the experimentation is SIRS. From the simulation results shown in Figure 
2(c), we see that, as in the SIS and SIR experiments, the number of susceptible individuals with higher risk levels 
decay in time faster since they get infected earlier. After 50 units of time (days), most of the individuals are 
infected (around 6.000), more than 3.500 individuals have been removed, and a smaller part consists of susceptible 
individuals having occupations associated with low risk.

The last compartmental model used in the experimentation is SEIR. From the simulation results shown in Figure 
2(d), we see again that, as in the SIS, SIR, and SIRS experiments, the number of susceptible individuals with higher 
risk levels decay in time faster since they get infected earlier. And again after 25 units of time (days), the number of 
susceptible individuals having occupations associated with low risk is significantly reduced and becomes close to 0. 
Exposed individuals, which are those infected but without symptoms, disappear after 30 days. After that time, there 
are only removed, which grow in time, and infected that, conversely, decay in time.

CONCLUSION

Taking fast countermeasures to epidemics is one of the lessons learnt from the COVID-19 pandemic. To this 
purpose, predicting the spreading of a disease is crucial and simulation is considered as a key instrument to this 
purpose. In this context, we have presented a simulation framework for epidemic spreading in semantic social 
network that leverages a domain ontology to increase the precision of simulation runs. At the best of our knowledge, 
the integration of semantics and simulation of epidemic spreading is unprecedented. The simulation framework 
is supported by a software application mainly based on two python libraries: epydemic and owlready2. Finally, 
we have presented a case study related to disease spreading in a small town where occupations of individuals is 
known in advance. The purpose of the experimentation is to show how the simulation framework can be used. As 
future work we intend to validate the simulation framework by comparing the COVID-19 simulated progress results 
with the actual progression of the disease. Furthermore, we intend to apply the framework to other case studies to 
assess the performance of the developed software application in case of larger networks or more complex semantic 
reasoning.
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ABSTRACT

Planning problems in a crisis context are a highly uncertain environment where health facilities must cooperate in 
providing health services to their patients. We focus on the health crisis in France due to the COVID19 pandemic. 
In fact, the lack of appropriate scheduling tools, resources, and communication leads hospitals to be submerged by 
infected patients and forced to transfer them to other hospitals. In this work we aim to provide a global solution to 
such planning problems to improve the current French health system. We introduce a cooperative approach called 
OPPIC (Operational Planning Platform for Inter-healthcare Coordination). OPPIC is based on a decentralized 
system, where health facilities plan is dynamic, flexible, robust to uncertainty, and respond to goals and optimization 
criteria. This paper proposed a first planning model to OPPIC and provided a first way of negotiation between 
health facilities based on their plan’s local and global flexibility.

Keywords

crisis management, flexibility, multi-agent system, decision making under uncertainty, negotiation

INTRODUCTION

In general, the healthcare system planning must schedule a hospital task by allocating resources to each task and 
managing hospital goals. It should answer several patient needs, mainly operating, bed assignment and management, 
and nurse scheduling during a clinical routine or crisis (e.g., climate, nutrition, health, etc.). Delivering healthcare 
services during an emergency or a crisis is very challenging. For that reason, countries should be prepared to face 
any crisis. For instance, hospitals still facing several difficulties to allocate the needed resources to their patients 
during the COVID-19 pandemic also known as the corona virus pandemic. The COVID-19 was first identified 
in November 2019 at Wuhan and declared a pandemic by the WHO (World Health Organization) in March 2020. 
Indeed, the COVID-19 pointed out the weakness of all the existing worldwide healthcare systems. We will focus on 
the French case, one of the most affected countries where the problems due to COVID are common to those in other 
countries. In France, the COVID-19 caused several healthcare problems mainly related to the lack of available beds, 
the lack of human resources and material resources.
Although it’s possible to predict the pandemic’s progression [Kaplan et al. 2020 ], it is still hard to predict a hospital’s 
needs regarding the availability of intensive care beds for their patients [APHP 2020]. This has led hospitals to 
adopt new strategies such as transferring their patients to other national or international hospitals. For example, 
from March to April 2020, the French region of Grand-Est moved a total of 349 patients; among them, 164 patients 
were assigned to hospitals of other European countries, mainly Germany and Switzerland [Habchi et al. 2020]. 
The patients’ assignment is a challenging task due to the lack of appropriate scheduling tools, for instance, tools to 
consult the plan of a hospital regarding the availability of its resources (e.g., beds, staff, ambulance, e tc.). Some 
tools exist to help hospitals, such as the "Covid moi un lit" application that informs real-time about the availability
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of beds for any healthcare facility. Unfortunately, the current tools do not consider an online hospital’s plan (e.g., 
patient transfer, beds reallocation, deprogram and reprogram operations, etc.); thus, they cannot propose a global 
solution for the overall healthcare system. In addition, the dynamic aspect of a crisis should also be considered by 
the scheduling tools to enable replanning of a current hospital plan regarding the fluctuations during a health cri-
sis. For example, an infection of medical staff could reduce their availability to deliver health services to their patients.

Since 1970, several work have been proposed to improve planning in the healthcare field: a  markovian model 
for hospital admission scheduling [Kolesar 1970], a computational approach to patient flow logistics in hospital 
[Hutzschenreuter et al. 2010], a simulation of resources assignment in hospital [Zhao and Lie 2010], a simulation to 
optimize resource allocation and outpatient appointment scheduling [Lin et al. 2017], an interoperable operational 
emergency response system for large-scale situation [Elmhadhbi et al. 2021], and more [Liang et al. 2015], [Meng 
et al. 2015]. These works aim to optimize resource allocation and patient waiting time in common or emergency 
situations but not in critical ones such as a health crisis. Moreover, they do not deal with planning problems in 
an uncertain environment during a health crisis. Indeed, such planning problems consider four main aspects to 
enable dynamic, robust, and flexible p lanning: - Time (e.g., starting or finishing time of an operation, duration of 
an operations, date of specific deadlines) - Resource (e.g., intensive care bed, medical machine, vehicle, medical 
staff) - Uncertainty (e.g., operation duration, resources availability, operation success, influx of patients, et c.) -
Optimization criteria (e.g., saving lives as much as possible, the minimum duration of bed use) or to deal with 
uncertainty (e.g., integrating the maximum amount of flexibility in a schedule).
Although these works do not consider such aspects, this does not mean that in planning literature, no solution 
exists to answer these planning problems. In addition, the newly adopted strategies that require coordination (e.g., 
patient transfer) bring another aspect to our planning problem, which is coordination between healthcare facilities. 
Therefore, if we represent a healthcare facility as an agent, we are faced with a multi-agent problem where, in a 
coordinated way, agents have to meet their goals and the other agent’s goals. Furthermore, agents may not always 
be homogeneous, which means that agents may have the same goal but not the same definition; for example, agents 
do not have the same definition of fl exibility. Therefore, they do not solve their goal in the same wa y. So, the 
more flexibility an agent allows to himself in his plan, the more it reduces its level of uncertainty. Still, the more 
he becomes a source of uncertainty for the others. Consequently, the problem of distributed optimal decision 
becomes complex and requires enhanced interoperability between the agents [Behnke et al. 2015]. This is why, 
using an ontological approach can help to formalize better the information that the agents will have to exchange and 
reinforces the interpretation capacities of the agents to produce consistent reasoning [Gayathri and Uma 2018],
[Marcus 2020], [Traoré 2018].

The paper introduces an Operational Planning Platform for Inter-healthcare Coordination (called OPPIC) that 
implements a flexibility negotiation algorithm using Simple Temporal Network with Uncertainty (STNU) as a 
temporal planning model. [Morris et al. 2001]. It is organized as follows: Section 1 presents an overview of 
planning and scheduling approaches under uncertainties. Then, Section 2 describes our proposed Operational 
Planning Platform for Inter-healthcare Coordination (OPPIC) system. Next, Section 3 details our proposed planning 
approach based on STNU’s models. Finally, the conclusions and some future works.

1 AN OVERVIEW OF PLANNING AND SCHEDULING

This section focuses on planning techniques that ensure a dynamic, flexible, and r obust p lan t o any t ype of 
uncertainty; multi-agent planning techniques that produce a global solution to a planning problem.

1.1 Planning under uncertainty

Planning means making decisions that are focused on the future. Uncertainty exists when several future developments 
are possible, but we cannot say with absolute certainty how the future will develop. Even if we cannot predict the 
future, it is possible to plan for it and focus on your planning [Ghallab et al. 2004].
The uncertainty in our collaborative planning problem might come from three main sources related to the planning 
model [Martin 2012]: First, an agent’s goals; an agent could not satisfy other agents’ goals if their goals are not 
visible and clear for him. Second, the domain of the planning model; an activity duration or status (success or 
failure) might be undetermined and thus cause uncertainty. The third is the planning model’s state, which defines if 
a model is observable, partially observable, or non-observable. Many techniques are proposed for planning under 
uncertainty [Baki 2006], such as conditional planning, probabilistic planning, temporal planning, and contingent and 
conformant planning. Conditional planning consists of creating a plan that considers all possibilities represented 
by a branch; a branch represents the observation too occurs during the execution to use it. Probabilistic planning 
procures a plan with a probability of success greater than a fixed threshold. Temporal planning creates a plan that
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takes into account constraints bound with time. Eventually, the contingent and conformant planning create a plan
where a model is not fully observable where, respectively, one doesn’t have action to observe it while the other
can. These planning techniques can provide us with a robust plan against uncertainty. However, our need for a
dynamic plan means that we need proactive techniques that belong to the temporal planning taxonomy.

In that context, we identified STNUs (Simple Temporal Network with Uncertainties) [Morris et al. 2001] as a
suitable model to provide a dynamic, flexible, and robust plan. An STNU is a triplet (V, E, C), where V is a set
of temporal points, E is a set of requirement links that refer to an STN link, and C is a set of contingent links.
Each contingent link has the form (A, x, y, C), where A ∈ V, C ∈ V, and 0 > x > y > ∞. A is called the activation
time-point, and C is the contingent time-point where the duration C - A is uncontrollable but lies in the interval [x,
y]. An STNU is dynamically controllable if, regardless of the duration of all contingent links in an STNU, it is
always possible to guarantee the success of a plan. In general, STNUs allow through time-points (start and end
of the activity) to apply constraints between these time-points, which are intervals of possible values allowing to
model the uncertainty and the flexibility.

1.2 Interleaving planning and execution in dynamic architectures

Bidot et al.[Bidot et al. 2009] describe taxonomies of scheduling and planning techniques under uncertainty that are
independent of any specific representation or reasoning technique. The authors distinguish in their work between
three main taxonomy of techniques of "balancing schedule generation and execution". First, proactive approaches
build a global solution at a generation time that will never be reconsidered at an execution time. A proactive
approach considers uncertainty to produce more robust, more stable schedules or both than they would be without
considering such knowledge. To provide a proactive approach, one may generate:

• A complete generic schedule insensitive to online perturbations by considering the worst-case scenario.

• A flexible schedule where a subset of decisions are made offline (i.e., generation time) and the rest online
(i.e., execution time).

• A conditional schedule where everything is set but with alternative branches. The one is effectively chosen to
depend on conditions that will only be observed at execution time.

Secondly, the revision techniques generate a complete schedule where decisions are made at generation time. Then, 
when the solution derives from the current observations at execution time, the decisions are revised and changed 
through online replanning. Lastly, the progressive techniques interleave scheduling and execution by solving the 
problem piece by piece. For example, each piece can correspond to the activities in a time window. The scheduled 
decisions in a plan are made periodically or when new information arrives, and once a decision is set, it can’t be 
changed.
To summarize, several studies show that combining proactive, revision, or progressive techniques would improve 
results [Shafaei and Brunn 1999], [Chien et al. 2000], [Branke and Mattfeld 2000]. In this work, we need a dynamic, 
robust, and flexible plan where decisions must be made online; this plan belongs to proactive techniques that limit 
replanning. Thus, we believe that combining proactive and revision techniques would help answer our needs.

1.3 Multi-agent dynamic planning

In general, multi-agent planning (MAP) is used when an agent cannot solve a task by itself or when it is more 
efficient to cooperate with other agents. In addition, MAP problems can be classified according to their level of 
coupling. It’s a measure of the number of interactions or coordination points between agents during the resolution 
of the task. In loosely coupled problems, each problem goal is likely to be solved by a single agent, while strongly 
coupled issues tend to require the cooperation of multiple agents. Therefore, it is necessary to ensure a satisfactory 
outcome in weakly and strongly coupled problems [Torreño et al. 2014].
Fortunately, STNUs provide a first approach to planning in a multi-agent system with MaSTNUs [Morris et al. 2001]. 
A MaSTNU is a quadruplet (A, V, E, C) with A a set of agents and (V, E, C) an STNU. In a MaSTNU, time-points 
are shared by agents, i.e., "for a time-point v in V, there exists a unique agent a in A that owns v, denoted owner(v) = 
a". Thus, the agent that owns v, an executable time-point, controls the execution of the event associated with v. If v 
is a contingent time-point, the owner of v is the unique agent supposed to observe the realization of v instantaneously. 
Time-points owned by other agents are not considered to be observed directly, but information about their realization 
can be obtained through external contingent links. MaSTNUs are used in centralized systems where agents share 
their time’s points and synchronize to the same reference time-point. However, our cooperative planning problem 
supposes a system where agents have no information on other time-points and are not synchronized. Therefore
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MaSTNU does not match our needs.

Another way of using MAP is provided by Torenno et al., which combines single-agent planning technolo-
gies and a refinement-based methodology [Torreño et al. 2014]. Agents begin by sharing their initial information 
(state, goals, etc.). Then, based on a basic plan, each agent will initially propose one or more plans. Next, each of 
them will share its plan with the others to ensure that each agent gets a global view of each proposed plan. Finally, 
they choose together the best of all plans as the new baseline plan and repeat these steps until a complete and robust 
global solution is found. This technique gives excellent results in both loosely and strongly coupled problems. 
However, like MaSTNU, it focuses more on a centralized system where agents share all of their information. 
Furthermore, this technique needs a convergence we can’t ensure since it’s based on a recursive method.

Briand et al. work propose a cooperative approach in Job-Shop scheduling problems under uncertainty [Briand et al. 
2008]. Compared to the first two approaches, this one is more oriented towards a decentralized s ystem. Indeed, 
tasks are allocated to different machines and each machine is controlled by a decision c enter. Each decision center 
has its definition of flexibility and schedules the allocation of tasks to its machine while optimizing its makespan. 
One of the primary keys to Briand’s et al. work is a first approach to negotiating and renegotiating through decision 
centers. Moreover, the more flexibility a decision center gives itself, the more uncertainty it creates for the others. 
Hence, it is essential to maximize flexibility while minimizing i nconsistency. It can be done as an optimization 
problem by solving a linear function with a linear program to give an acceptable but non-optimal plan.
This approach cannot be reused in our cooperative problem because the Job-Shop context is based only on scheduling 
tasks on machines. However, we believe that using Briand’s et al. idea to produce a decentralized MaSTNU network 
is a first way to fit our pr oblem. Indeed, supposing a planning model wherein a decentralized MaSTNU, agents are 
not synchronized and do not share their time-points or only partially could fit our planning problem.

2 TOWARDS A COOPERATIVE APPROACH: OPPIC

2.1 The organization of the french healthcare system

In 2000, the French health system was considered the most globally efficient in terms of health care delivery and 
organization by the World Health Organization (WHO). However, it becomes inefficient to answer patients’ health 
care demands during the COVID19 crisis. The first case of COVID-19 was detected in France on 24th January 
2020, followed by the WHO’s advice to help the French health system fight against the COVID-19 pandemic. 
From the current French health system, we defined the most important actors that are involved in the strategic, 
tactical and operational process of the COVID-19 pandemic. Figure 1 describes these actor and their roles. It shows 
that hospitals, that are located in cities and town, must be at the operational level; take care of patients, deploy 
the required resources to the patient’s need, transfer the patients, and respond to private and global objectives. 
Moreover, the regional health agency (RHA), that is located at the regional level, must be at the tactical level; 
coordinate all health facilities in their area, deploy external resources, reassign the distribution of human resources 
and constantly report at a higher level their area’s situation. The health crisis center (HCC), at the national level, is 
composed of 40 specialists in their field (doctors, pharmacists, public health interns, managers and engineers). At 
the strategical level, they deploy and coordinate each RHA, monitor and analyze the health situation from the report 
of each RHA and set global goals. At the national level, the health minister implements the Government’s policy 
in the field of h ealth. At the strategical level, it defined new reforms and, with the HCC, created new strategies 
directions and can deploy army resources.

Disappointingly, the french healthcare system is not efficient in facing long-term crises such as the ongoing COVID-
19 pandemic. We believe that a cooperative approach between health organizations to help them communicate and 
negotiate to fulfil their goals can face a long term crisis.

2.2 Our methodology

To handle with the collaborative planning problem, we need to answer different challenges. In that context, the work 
of Elmhadhbi et al. [Elmhadhbi et al. 2020] on disaster response helps us to define four main challenges to answer. 
The first one is the planning i ssues. We have to ensure to provide a flexible and robust plan thought replanning. Next, 
the resource assignment issues the need to allocate the needed resources at the right time. Then, the information 
issues defined the lack of information between users and the information uncertainty (e.g., validity, understanding, 
etc.). Lastly, the cooperation issues to share resources, flexibility and information among heterogeneous agents. 
To deal with these challenges, we propose a common multi-agent architecture based on a knowledge graph, which 
is a semantic representation of data into a graphical model [Hogan et al. 2021], [Horrocks 2008]. The proposed 
architecture aims to formalize the representation, improve sharing, and automated reasoning for the involved
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Figure 1. The organization of the french healthcare system during the COVID-19 pandemic

stakeholders in the French healthcare system. Figure 2 illustrates the overall structure of our proposed architecture
OPPIC (Operational Planning Platform for Inter-healthcare Coordination).
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Figure 2. The Operational Planning Platform for Inter-healthcare coordination (OPPIC) architecture

The architecture shows four main modules:

• Module 1 refers to the users. A user refers to a healthcare facility with a plan and a planner. The planner
considers the user goals, resources, and goals and resources of the decision center to provide a dynamic,
robust, and flexible plan. Furthermore, the negotiation between agents is made with the help of the cooperative
broker, which may notify him back when it’s relevant to replanning the current plan.
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• Module 2 refers to the decision center (DC). DC provides global goals and external resources to their users
and also might be involved in the negotiation to make decisions. It might happen when users can’t find a
solution for their planning problem. Therefore, using each user’s knowledge through the global ontology will
choose which will be prioritized in the negotiation.

• Module 3 refers to the cooperative broker in charge of the negotiation between users. It helps consider an
agent request to help him communicate and negotiate with the users involved in the request. Moreover, the
notification module might notify an agent planner to replan the involved plan when necessary. For example, a
patient transfer that will finish later than expected may need replanning.

• Module 4 refers to the global ontology that defines the planning problem’s related concepts by containing the
world’s knowledge (e.g., resources, goals, etc.). This knowledge is used to help agents understand each other
(e.g., goals, resources, plans, etc.) in the negotiation module to provide a solution to their requests.

In the next section, we propose a planning model to our architecture based on a decentralized MaSTNU system by
representing each agent plan by an STNU.

3 OUR CONTRIBUTION: TOWARDS A PLANNING MODEL BASED ON STNU FOR OPPIC

3.1 Definition of our planning model

In Section 1, we presented the cooperative approach of Briand et al. [Briand et al. 2008] and the centralized
MaSTNU approach. Although both are not compatible, we propose a decentralized MaSTNUs model using both of
them as references. Figure 3 show an interaction between hospital A and B plans using our planning model which
contains:

• A set of agents, each agent has a plan defined by an STNU (V, E, C) not shared with the others

• A set of time-points that are shared among agents. When interactions between two activities occur and do not
belong to the same agent, both agents contain their time-points in their respective STNU. On the other hand,
unlike MaSTNUs, each agent has a reference time-point 𝑉0 unique to its STNU.

• An activity is defined by two time-points, i and j, where i is the start time-point, and j is the end time-point
(e.g., 𝑉 𝐴

1 and 𝑉
𝐴
2 represent activity in figure 3). Moreover, an activity has constraints we define as: First,

the duration constraint, the constraint that defines the temporal distance between i and j. Secondly are the
external constraints, which are all other activity constraints. For example, in figure 3 the constraint between
𝑉𝐵

2 and 𝑉
𝐵
3 is a temporal gap constraint: it means the temporal distance between these two activities must be

within [0, 0]. In addition, an activity has an owner, which is the agent that controls its time-points.

• An agent has contingent or non-contingent activities. A contingent activity is either controlled by another
agent, and therefore there is a sharing of time-points between these two agents, or belong to him, but he does
not control it. For example, an operation which ending time cannot be predicted and controlled. In figure 3,
the activity with the times points 𝑣𝐵1 and 𝑣

𝐵
2 is contingent for agent A (e.g., doted arc) but controllable for B

because B owns this activity (e.g., plain arc).

Figure 3. Example of a decentralized MaSTNU system involving 2 agents’ STNU

Now that we have described our system, we will present its main objectives. The first one is how to address the 
flexibility of an agent STNU; the second is how an agent may negotiate its flexibility to reach its goals. Either to 
regain its consistency or either to extend its flexibility.
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Table 1. Notation

X: an STNU S(M): the contingent activity source of M
𝐶𝑖 𝑗 : any activity of X C: set of contingent constraints [𝑐1, 𝑐2, .., 𝑐𝑛]
𝐶𝑒: all external constraints of 𝐶𝑖 𝑗 𝐹𝑚𝑎𝑥 (𝐶𝑒): a set of flexibilities [ 𝑓1, 𝑓2, .., 𝑓𝑛]
F(𝐶𝑖 𝑗 ): the flexibility of 𝐶𝑖 𝑗 E: set of controllable constraints [𝑒1, 𝑒2, .., 𝑒𝑛]
𝐹𝑠𝑡𝑛𝑢(X): the flexibility of X 𝐹𝑛 (𝑒): the required flexibility of e ∈ E, where e ∈ 𝑀
𝐹𝑑𝑒𝑔𝑟𝑒𝑒(X): the flexibility degree of X 𝐹𝑀 : the required flexibility for M
M: a cycle in X owner(c): the agent that control c with c ∈ C, where C ∈ X
F(M): the flexibility of M 𝐹𝑜𝑤𝑛𝑒𝑟 (c): the flexibility owner(c) give to X
𝐶𝑚𝑎𝑥 (𝑋): the maximum duration of X 𝐹𝑠 the flexibility obtained from contingents constraints in M

3.2 Planning model: how to address flexibility?

First, table 1 defines notations that will be used in this section:

Definition 1 (Activities temporal distance) An activity 𝐶𝑖 𝑗 in X an STNU X = (V, E, C), has a duration constraint
defined by a lower bound 𝐿𝑖 𝑗 and an upper bound𝑈𝑖 𝑗 :

𝐶𝑖 𝑗 = [𝐿𝑖 𝑗 ,𝑈𝑖 𝑗 ], 𝑖, 𝑗 ∈ 𝑉 (1)

In addition, an activity has external constraints, which are primitive relations between time-points. The most basic
ones are relations between activities (e.g., activity A before B, B during A, etc.). Otherwise, we have primitive
relation that represents a temporal gap between two activities (e.g., B start 5-time unit after A). Finally, it is also
possible to have a constraint between an activity and a time-point (e.g., A must start before 2 pm). Respectively, we
called these constraints: relationship constraints, gap constraints and time constraints
Next, we distinguish between two categories of flexibility: first, the global flexibility of an agent STNU. Second,
local flexibility is defined as the flexibility of activity.

Definition 2 (Base flexibility) A controllable activity’s base flexibility is defined by the temporal distance between
its lower bound and upper bound. For a contingent it’s equivalent to 0:

𝐹 (𝐶𝑖 𝑗 ) = 𝑈𝑖 𝑗 − 𝐿𝑖 𝑗 (2)

The base flexibility (Equation 2) of𝐶𝑖 𝑗 does not consider its external constraints, which can reduce its base flexibility.
An external constraint can act on the time-points of 𝐶𝑖 𝑗 , which will reduce its base flexibility (see Table 2 example
1). Therefore if 𝐶𝑖 𝑗 has more than one external constraint, it leads to different possible flexibilities for 𝐶𝑖 𝑗 noted
𝐹𝑚𝑎𝑥 (𝐶𝑒).

Definition 3 (Local flexibility) The flexibility of 𝐶𝑖 𝑗 is the minimum flexibility contained in 𝐹𝑚𝑎𝑥 (𝐶𝑒), a set of
all possible flexibility of 𝐶𝑖 𝑗 . The constraint propagation of the dynamic controllability checking algorithm already
gives these hidden flexibilities: F(C𝑖 𝑗 ) = 𝑚𝑖𝑛(𝐹𝑚𝑎𝑥 (𝐶𝑒))
Definition 4 (Global flexibility) The flexibility of an agent’s STNU is the sum of the flexibility of its activities,
and the sum of the possible flexibilities given by its gap constraints noted 𝐶𝑔𝑎𝑝 . Indeed, gap constraints between
activities can provide flexibility (e.g., see figure 3: the gap constraint between 𝑉0 and 𝑉 𝐴

1 give a flexibility of 5):

𝐹𝑠𝑡𝑛𝑢 (𝑋) =
𝑛∑︁
𝑖=1

𝐹 (𝑖) +
𝑚∑︁

𝑐𝑔𝑎𝑝=1
𝐹𝑚𝑎𝑥 (𝑐𝑔𝑎𝑝) (3)

Definition 5 (Flexibility degree) The flexibility degree of an agent STNU X can be defined by its global flexibility,
and its STNU makespan noted 𝐶𝑚𝑎𝑥 :

𝐹𝑑𝑒𝑔𝑟𝑒𝑒 (𝑋) =
𝐹𝑠𝑡𝑛𝑢 (𝑋)
𝐶𝑚𝑎𝑥 (𝑋)

(4)

The definition of an agent’s STNU flexibility degree also defines an agent’s flexibility degr ee. The more flexibility 
an agent has, the higher the degree of flexibility. Thus, the more flexibility it potentially has to gi ve. Therefore, 
comparing agents by their STNU’s flexibility degree is possible.
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3.3 Planning model: how to negotiate the dynamic controllability of an STNU?

An agent must negotiate when its STNU is no more dynamically controllable (DC) due to some disturbances or
when the activity’s flexibility is too low and hence needs to be negotiated. This paper will only study the first case,
how an STNU can negotiate its DC. We need to identify for any not met constraint, all contingent activities to
negotiate flexibility to resolve the not met constraint.

How to get all contingent activities for negotiation?

Property 2 (STNU) A contingent activity 𝑐𝑖 (i.e., activity) is the source of the non-DC of an STNU X. An STNU
may have more than one source, which means that the non-DC of an STNU can be caused by more than one
contingent activity.

Proof: The definition of the dynamic controllability of an STNU is: "An STNU is DC if and only if, regardless of
the duration of all contingent activities, it’s always possible to guarantee the success of a plan". Thus, X is non-DC
if the duration of at least one contingent activity is too short or too long to satisfy all constraints of X.

Suppose an STNU X containing one constraint not satisfied . There exist a cycle activities M ∈ X where S(M) ∈
M is the contingent source of the not meet constraint. This cycle contains all activities to negotiate for the not meet
constraint. Consequently, the more X has not met constraints, the more cycle can be found. Therefore, the agent
must negotiate his consistency on each cycle to regain consistency on X. The following section will present the first
approach to negotiate consistency on a cycle by negotiating flexibility from all contingent activities in the cycle.

How to regain consistency on a cycle ?

First, it is important to clarify that negotiating on S(M) may not be the best way to regain consistency. In the case
of Table 2 example 2, it’s more appropriate to negotiate with the agents owning 𝑐2 and 𝑐3 than the one owning
𝑐1. Therefore, it is essential to know the flexibility of each contingent activity, which their owner can give before
negotiating with them.
Next, suppose M a cycle and k the flexibility needed to regain consistency. The cycle may contains contingent
activities, controllable activities or both. So, in M we can get flexibility from contingents and controllable activities.
Therefore, we define 𝑘1 the flexibility gained from controllable activities in M. Then, to get only the flexibility that
M must negotiate on contingent activities, noted 𝑘2, we subtract 𝑘1 to k : 𝑘2 = k - 𝑘1. Hence, this leads us to a new
definition of k:

𝑘 = 𝑘1 + 𝑘2 (5)

In contrast, giving k flexibility to M means that M is consistent but F(M) = 0 ≡ ∀ e ∈M, F(e) = 0. However, the
agent might need some flexibility on the controllable activities of M. Therefore, we define 𝐹𝑀 the flexibility needed
for M where F(M) ≥ 𝐹𝑀 with 𝐹𝑀 ≥ 0 (Table 1):

𝐹𝑀 =

𝑛∑︁
𝑒=1

𝐹𝑛 (𝑒) (6)

Definition 6 (k) If M needs some flexibility, then the agent must negotiate more flexibility on contingent activities
to gives the controllable activities the flexibility M need . As a result, we can redefine k by:

𝑘 = (𝑘1 − 𝐹𝑀 ) + (𝑘2 + 𝐹𝑀 ) (7)

Now, we will focus on contingent activities and their flexibility. We previously defined the flexibility of a contingent
to 0. Still, if another agent owns c, then for this agent, c is controllable and might have some flexibility on this
agent’s STNU: F(c)≥ 0. Thus, we define 𝐹𝑜𝑤𝑛𝑒𝑟 (𝑐) , the flexibility the owner of c can give to the agent’s STNU
where c ∈ M. In addition, we define 𝐹𝑠, the sum of each contingent flexibility given by their owner considered as
the flexibility obtained from contingent activities in M:

𝐹𝑠 =

𝑛∑︁
𝑐=1

𝐹𝑜𝑤𝑛𝑒𝑟 (𝑐) (8)

Consequently, M can regain consistency if and only if the condition 𝐹𝑠 ≥ (𝑘2 + 𝐹𝑀 ) is satisfied. Then, the agent 
selects the best candidates from contingent activities by ordering them by their flexibility 𝐹 𝑜𝑤𝑛𝑒𝑟 (see Table 2 
example 2). Next, the agent negotiates with the best candidates owners to get the required flexibility k.
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Table 2. Example table

Example 1: an example of local flexibility computation

Two activities without external constraints : A = [10,20] and B = [30,30] -> F(A) = 10 and F(B) = 0
Now suppose we add two external constraints : 𝐴𝑖 = 𝐵𝑖 + 20 and A during B then F(A) = min(0, 10) = 0

Example 2: an example of ranking contingent candidates

Suppose 𝐹𝑜𝑤𝑛𝑒𝑟 (𝑐1) = 5, 𝐹𝑜𝑤𝑛𝑒𝑟 (𝑐2) = 8, 𝐹𝑜𝑤𝑛𝑒𝑟 (𝑐3) = 8 and S(M) = 𝑐1 with 𝑐1, 𝑐2 and 𝑐3 in M
The best candidates order is : 𝑐3 -> 𝑐2 -> 𝑐1 || 𝑐2 -> 𝑐3 -> 𝑐1

Algorithm 1: Negotiation-Cycle algorithm
Input : M : cycle , K : value, S : source, agent : Agent ;

contingentLink→ {} ;
nonContingentLink→ {} ;
𝐾1, 𝐾2, 𝐹𝑆 ,→ 0 ;
for each C in cycle do

if isContingent(C) then
if owner(C) ≠ agent then

𝐹𝑜𝑤𝑛𝑒𝑟 = getAgentFlexibility(K) ;
𝐹𝑆 += 𝐹𝑜𝑤𝑛𝑒𝑟 ;
add [C, 𝐹𝑜𝑤𝑛𝑒𝑟 ] in contingentLink ;

end
end
else

𝐹𝑛 = getNeededFlexibility(C) ;
𝐹𝐶 = getActivityFlexibility(K, X) - 𝐹𝑛 ;
𝐾1 += 𝐹𝐶 ;
add [C, 𝐹𝐶 ] in nonContingentLink ;

end
end
𝐾2 = (𝐾−K1) ;
if 𝐾2 ≤F𝑆) then
candidates = findBestCandidates(contingentLink, 𝐹𝑆 , 𝐾2) ;
negotiate(𝐹𝑆 , 𝐾2, contingentLink, nonContingentLink, candidates);

end
return Impossible

Unfortunately, the algorithm is incomplete because it do not consider the case where the condition 𝐹𝑠 ≥ (𝑘2 + 𝐹𝑀 ) 
is false. How does an agent negotiate consistency when the flexibility given by contingent activities in M is not 
enough? This question is still a problem unresolved. Furthermore, we still need to provide an answer to how an 
agent negotiate flexibility on controllable activities when its STNU is DC.

CONCLUSION

In summary, providing balanced planning between different health institutions coordinating during health crisis time 
is very challenging. In such a situation, each hospital schedule plans to take charge of its patients and try at the same 
time to answer others’ requests. In this work, we presented a collaborative architecture for a cooperative planning 
problem under uncertainty in health crisis time. Moreover, an overview of planning and scheduling techniques 
allowed us to provide a first planning model for the proposed a rchitecture. This model is based on a MaSTNU 
decentralized system and provides a first definition of flexibility and negotiation through the Negotiation-Cycle 
algorithm. We believe that the planning model should be completed by incorporating other temporal planning 
techniques. Furthermore, we still have some issues to resolve in the negotiation process. Indeed, our current work 
does not consider the second case of negotiation: regain flexibility on activities when the STNU is DC. 
Moreover,
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the Negotiation-Cycle algorithm does not consider the case where contingent activities flexibility of a cycle M is
insufficient. In addition, we will use alternatives or complementary models to provide a stochastic aspect to the
temporal model to enhance our ability to handle uncertainties. This work is in progress; the different components of
the proposed architecture should be investigated to be developed or readapted from state of the art as, for example,
the global ontology that will ensure the semantic interoperability between the different stakeholders.
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ABSTRACT 

Post-disaster information processing is relevant for the continuous improvement of operations and the reduction 
of risks. The current methodologies for post-disaster review suffer from several limitations, which reduce their 
use as a way of translating narrative in data for qualitative and quantitative analysis.  

Learning or effective knowledge sharing need a common formalism and method. Ontologies are the reference 
tool for structuring information in a “coded” data structure.  

Using the investigation of disaster management during the 2017 hurricane season in the French West Indies within 
the scope of the ANR “APRIL” project, this contribution introduces a methodology and a tool for providing a 
graphical representation of experiences for post-disaster review and lessons learning, based on a novel approach 
to case-based ontology development. 

Keywords 

Knowledge management, multiperspectivity, lessons learning, crisis management. 

INTRODUCTION 

Subject matter and study goals  

After an emergency, each entity involved in crisis management may provide hot and cold feedback. Major crises 
may produce incidents and emergencies involving scenarios not always foreseen in crisis management plans. 
When this sort of “unframed” crisis management (Lagadec, 2008) occurs, post-crisis review and feedback are 
particularly valuable for optimising crisis management plans and procedures. Recounting and investigating the 
organisational scenario and the most influential events of a natural disaster as complex as that generated by the 
sequence of three hurricanes that hit the French West Indies between 5 and 19 September 2017 is a major 
challenge. It involves processing dense and closely interconnected information. A common flaw of feedback is 
the lack of integration of different perspectives on the same event. While a comprehensive post-disaster review 
requires narratives and witness statements alongside quantitative and geospatial data, the integration and analysis 
of all these data sources can be complex. New approaches (Harris and Li, 2011) and tools, as well as new uses of 
available tools (Brian Thoroman and Salmon, 2020) are thus desirable.  
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This work draws on an example of the ANR APRIL1 project’s results to present the specifications and use of a 
method under development at BRGM,2 the “queryable category-based feedback knowledge graph” (ExG), which 
aims to improve the capitalisation of experiences. This used individual feedback sources to build an overall 
representation of occurrences, i.e. a model of real observed or lived events, when hurricanes Irma, José and Maria 
hit the French West Indies in 2017. Using the prototypal implementation of this method, the project established a 
comprehensive, multiperspective post-disaster review of the crisis, by pooling individual feedback sources into 
an overall frameset. 

Literature review and theoretical framework 

Covering the full workflow from the collection to the capitalisation of experience feedback on a practical and 
conceptual level requires a stack of tools for data production, processing, analysis and visualisation. The ExG 
method implemented by means of a set of prototypal tools within the scope of APRIL project was designed to 
produce and manage this workflow. 

Existing tools implement different techniques for extracting structured text from narratives or unstructured text 
fragments. MAXQDA.3, MonkeyLearn4  and Atlas.ti,5 are some example of solutions embedding AI to help tag, 
analyse and visualise results, including analysis of feelings. Another approach rely on adapting and customising 
pre-trained language models to the specific corpus at hand. CorText6 is an advanced solution of this type usually 
used for bibliometrics applications. Even if these tools may boost and shorten the effort and time needed to 
construct the ExG database, they do not allow the semantic data processing and knowledge engineering required 
for our case study.  

The knowledge management of experience feedback archives is currently performed by very different approaches, 
depending on the context, domain and objective(s) of the feedback collection. The ontology-based knowledge 
base may help deal with this issue (De Nicola et al., 2021). Looking for a solution rooted in this approach 
introduces the question of how to define the ontology of reference (Liu et al., 2013; Osman et al., 2021). To put 
this simply, the question is how to systematically adapt or transform the heterogeneous amount of information 
from retrospective experiences, consisting of narratives and other types of data, into structured datasets that are 
searchable and exploitable by computer aided methods, including machine learning technologies.  

Building a “crisis metamodel” may represent the first step in creating a dedicated “crisis ontology” able to support 
reasoning mechanisms (Bénaben et al., 2008). These form the basis for the deduction of collaborative processes 
(Benaben et al. 2020). The objective is to provide an appropriate approach for context-agnostic crisis modelling, 
embedding reasoning mechanisms able to infer the relevant collaborative process among crucial actors and the 
critical paths of events and decisions involved in crisis management (Chehade et al. 2020). The ultimate goal is 
improving and adapting operational plans to typical “emergent behaviours” and groups (Quarantelli, 1995). 

Other well-known tools for retrospective analysis and modelling of accidents occurring in complex sociotechnical 
systems are the AcciMap (Lintern, 2020), the HFACS (Shappell and Wiegmann, 2000), the STAMP (Levenson, 
2004) or the FRAM (Hollnagel, 2012), and subsequent versions (e.g. Kaptan et al. 2021). These can be also used 
for feedback review and the retrospective analysis of natural and natural hazard triggered technological (Na-Tech) 
disasters (Hollnagel and Fujita, 2013) to formulate recommendations on safety improvements.  

The ExG data collection and management method is complementary to these tools. In particular, its most 
innovative element is the approach to define a reference ontology for the conceptualisation and analysis of 
experiences.  

Research objectives and design 

The ExG aims to be a theoretical and operational framework for enabling the retrospective modelling of complex 
sociotechnical systems, to improve resilience. This work in progress describes the theoretical underpinnings and 
development of the ExG, and its prototypal application to accomplish the ambitious objectives of the ANR APRIL 
project: the analysis of the emergency response feedback collected two years after the hurricane season that struck 
the French West Indies in 2017. Different retrospective interviews of actors and decision-makers, about the two 
weeks of crisis and its aftermath, were aggregated. As they occupied different roles and hierarchical positions in 

 
1 Optimize anticipation and decision-making in extreme crisis situations to maintain the resilience of society. 
2 The French Geological Survey 

3 https://www.maxqda.com/ 
4 https://monkeylearn.com/ 

5 https://atlasti.com/ 

6 https://www.cortext.net/ 
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the various sites affected by the hurricanes, the corpus of interviews represented a multiperspective data source 
for a comprehensive review of the disaster, structured in a queryable graph. 

The application of the method and implementation of the ExG prototype for this case study relied on a synergy of 
skills in human and social sciences, disaster management, and information and communication technology. The 
research design consisted of the steps shown in Figure 1. 

 

   
Figure 1. Overview of the research design, highlighting the implementation of ExG method and tool (RDF: resource 

description framework) 

THEORETICAL METHOD AND PROTOTYPAL IMPLEMENTATION 

We provide a theoretical description of the ExG method and prototypal implementation as part of the APRIL 
project. We focus mainly on the technical specifications of steps 3, 5, 6 and 7.  

Structure of a graph-inspired syntax for individual feedback aggregation 

Once the relevant information contained in the unstructured feedback corpus is identified, it must be translated 
into data, so that it can be manipulated and analysed in a reproducible way. The ExG method extracts simple 
sentences from the storytelling for easy processing and visualisation. For sentence segmentation, basic level 
expressions (Rosch, 1978) are preferred and the word order in sentences must be linear, with no embedding or 
distance relationships. 

 

Figure 2. Syntax and usage of simple expressions representing “elementary facts” in ExG, for the structured 
transcription of a relevant sentence or piece of useful information contained in feedback 
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The subject and object terms of a sentence represent nodes connected by a verb (edge), or relation (edge), with 
which they constitute a triple (Figure 2), as in the sentence “The EDF staff  (subject) secures (verb) the electricity 
grid (object)”. 

 This preliminary data structuring, based on the definition of a common syntax, has proven to be fundamental for 
the reconstruction of the overall experience, because it makes it possible to connect: 

● heterogeneous data (qualitative, quantitative, geospatial, etc.); and 
● identical pieces of information formulated using different terms, depending on the stakeholder. 

It also facilitates the integration of further data (reports, official records, etc.) to complete the feedback review. 

The term graph from each feedback source (the interviews in our case study) shows only the connections explicitly 
stated by the witness. We define these types of relations as “topological”, since they are the direct links, or “edges”, 
recognised by the observer among actors, emotions and events as being relevant to them. The individual 
topological term graph (or “topological graph”) is assumed to capture at least part of the mind map that the witness 
developed experiencing the crisis, necessarily biased by their role and position, as well as other factors “external” 
to the events, such as their background and past experiences. 

Because of the common syntax, some nodes (e.g. “prévision intensité ouragan”) can refer to facts narrated by 
several sources, possibly in relation to different subjects, objects or attributes. Different individual topological 
graphs can be merged into a comprehensive multiperspective network (Liu et al., 2019) of the overall disaster. 
Although not to be considered a complete representation of everything that occurred, the resulting network 
contains distinct perspectives of the same events and should represent what really happened more objectively 
(Fauconnier and Turner, 2002; Smirnov and Levashova, 2019). 

It is worth mentioning that at least the individual outputs of this transcription process should be submitted to the 
feedback author (witness/interviewee/reporter) for validation. They might disagree with some specifications, such 
as the role of certain players, or clarify certain sequences or actions. The validation of the overall topological 
graph is more challenging. It should focus on a multiperspective representation of a specific topic or event 
obtained by filtering and/or exploring the overall topological graph. A focus group of domain experts, who may 
have been directly involved in the disaster, but not necessarily contributing to the feedback corpus, should discuss 
and reach a consensus on this new representation. Validation at this stage should also concern the cover the 
definition of the case-based ontology discussed below.  

Under the APRIL project, the ExG prototype tool for the data editing phase (Step 3, Figure 1) used open-source 
wiki-based “TiddlyWiki”7 software, considered a valuable personal and collaborative learning tool (Fitzgerald, 
2007). Using the plugin TiddlyMap8 the relevant “elementary facts” were edited at the same time as the individual 
topological graph, resulting in an interactive network representation of the feedback. The authors also used the 
search and filtering functions of the software for the analysis of the overall graph (Step 4, Figure 1). They extracted 
event- or topic-specific graphs by integrating and connecting terms and relations from different individual 
inquiries, for: 

● the validation of the overall interconnections of elementary facts collected in the feedback corpus; 
● the definition of the categories inspiring the case-based ontological concepts according to the criteria 

described below. 

Semantic data model criteria and case-based ontology requirements 

For a comprehensive understanding and capitalisation of this rich, complex and multiperspective feedback corpus, 
the overall experience should be represented on a more theoretical level. We should be able to query the elements 
and relations contained in the overall topological graph of the feedback using more functional and conceptual 
definitions, and inference processing.  

Hence, the pillars of the transformation of facts into conceptual instances, core specification of the ExG method, 
are: 

1. semantic data modelling, for the definition of a case-based hybrid ontology (Debruyne and Meersman, 
2012); 

2. the ability to translate facts into “universals” (Bittner and Smith, 2004); 
3. the production of the semantic network representing the ontological graph of the experience concerned 

 
7 https://tiddlywiki.com/ 

8 http://tiddlymap.org/ 
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by the overall feedback. 
The semantic data model is strongly interconnected with the ontology definition strategy. Therefore, both have to 
be treated and resolved at the same time (Step 5, Figure 1).  

Concerning the definition of the ontological concepts, we referred again to the general, basic principles proposed 
by Rosch (1978) for the formation of categories:  

1. The task of category systems is to provide maximum information with the least cognitive effort.  
2. The perceived world comes as structured information rather than as arbitrary or unpredictable attributes. 

Our novel approach does not rely on an a-priori ontology, based on a literature review and generic theoretical 
knowledge of crisis management. In agreement with Furtado et al. (1996), our hypothesis is that the definition of 
ontological concepts should be considered as an objective-oriented, context-dependent process. Here, “concepts” 
represent perceived regularity among terms recording events or objects, designated by a label (Novak and Canas, 
2005). Moreover, concepts should be organised to represent the experience from different perspectives.  

This domain-specific ontology should consist of coarse granularity concepts that do not necessarily discriminate 
between relevant classes on their own. Instead, the combination of these concepts for the classification of a certain 
term (or short text) may define, by their intersection, an inferred class that represents its best semantic definition, 
or domain-consistent approximation. This will affect both the design of the semantic data model and the way in 
which the instances are classified.  

The concepts are extrapolated and selected from the overall topological graph during the analytical phase (Step 4, 
Figure 2). Exploratory filtering in the wiki-based tool aims to discern new concepts and relations. The design of 
the ExG platform involves the integration of automated (Furth and Baumeister, 2013) and semi-automatic 
incremental building of ontologies. However, for this case study, the extraction of concepts and vocabulary, as 
well as the application of the rule set to transform the corpus terms into semantic instances, are performed by 
recursive wiki and RFD triplestore processing, or via interactive graphical exploration, as in the example discussed 
below. 

 
Figure 3. Theoretical representation of the semantic data model designed for the ExG method, chosen for 

the processing of feedback on the crisis management experience 

The semantic data model affects the reasoning capability of the knowledge base (Keet, 2018). The ExG semantic 
model assumes a structured set of independent concepts and properties capable of describing remarkable processes 
constituting the experience of actors or “agents”, events and attributes, useful for characterising and qualifying 
their instances for the aspects relevant to the application aim (Figure 3). The reference structure has been described 
as a “sketch data model” (Barr and Wells, 1995) because it is based on the category-theoretical notion of mixed 
sketch. In this context, a sketch is defined as a graph with imposed commutativity and other conditions; it is a way 
of expressing structure. 

 Using the wiki-based graphical tool embedded in the ExG platform, the domain expert defines (Step 5, Figure 1): 

● the semantic data model suitable for the scope of the knowledge base, here a disaster management review; 
● the ontology concepts, by analysing the information contained in the topological graphs. 

The semantic annotation of nodes and edges 

The classification process of any term contained in the overall topological graph includes checking which concepts 
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are relevant and choosing the relevant class for each relevant concept (Step 6, Figure 1). To keep the ontology 
simple and adaptable to the context associated with a certain instance, the ExG semantic data model requires that 
each element of the topological graph is classified associating different concepts. Each object must be classified 
with at least one type of concept depending on its typology (“agent” or “process”), while all the types of attributes 
are optional concepts.  

This workflow (Figure 4), from the graphical editing of elementary facts to the annotation of their terms by a 
dedicated ontological layer based on the aforementioned criteria results in the conceptual representation of 
occurrences by “universals” (Bittner and Smith, 2004). 

  
Figure 4: From facts to “theory”: the conceptualisation of an experience.  

 ExG knowledge graph querying and exploitation  

This theoretical representation of the experience requires validation. However, beyond checking if the contributors 
to the feedback corpus are able to recognise and describe the dynamics and general characteristics of their 
experience, the focus group should be opened to experts from different contexts and similar experiences, to verify 
if the generalisation is valid for a wider range of circumstances and issues. 

We use SPARQL queries to extract specific outputs and to test the consistency of the ontological mapping of 
input data. At this stage of the workflow, the knowledge management system’s inference capabilities can be better 
exploited to extract original insights less obvious at the case-specific level (Step 7, Figure 2). The goal being to 
improve disaster management, the conceptual representation of the overall feedback graph for this specific post-
disaster review may be analysed considering other hazard types, similar risks and impact scenarios. The outputs 
may concern critical paths and emergent relationships, alternative scenarios, potential cascade effects, at an 
abstract level, but still grounded on the facts collected and structured in the topological graphs.  

DEMONSTRATION: AN EXAMPLE APPLICATION 

Case study data collection 

The scope of the APRIL project, the literature on crisis management efficacy and resilience (Lagadec, 2008; 
Sphere Association, 2018, De Nicola et al., 2021) and ontologies for crisis management available in the literature 
(Liu et al., 2013; Wienen et al., 2017) fuelled initial discussions about this research (Step 1, Figure 1). The 
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preliminary mind map of the scope of the inquiry was a term graph including the relevant elements connected by 
a preliminary selection of expected relations (according to expert judgement) (Figure 5).  

 
Figure 5. Initial term graph of the arguments and explanatory interactions defining the scope of the APRIL project 

research. These elements inspired the semi-structured interview framework and the feedback breakdown into 
“elementary facts” (Steps 2 and 3, Figure 1). Each symbol in the graph is tagged by its meaning. 

At this stage, both arguments and interconnections describing the matter of interest are still considered not 
necessarily comprehensive, meaning it will still be possible to add to them during feedback collection. This early 
stage of the research workflow does not involve any formal ontologies or data structures.  

 The research consortium then discussed the design of the retrospective interviews and the selection of witnesses 
to obtain a comprehensive, reliable feedback corpus. This analysis was carried out by another workgroup, and its 
details are beyond the scope of this article. However, a list of interviewee roles during the events together with a 
short summary of the interviews are provided, showing the representativity of the feedback sources.  

Forty-six crisis managers operating in different contexts during the 2017 hurricane season are the feedback sources 
for this major natural disaster. Figure 6 summarises their organisations and roles:  

● public (Prefecture, national police force, etc.) and private (DAUPHIN TELECOM,9 EDF,10 etc.) services; 
● officers at the local (Saint-Martin), departmental (Guadeloupe), zonal (Martinique) and national (CIC11) 

levels in the national crisis management plan; 
● various levels of experience in crisis management, i.e. different levels of knowledge and understanding of 

events (no experience, training, field experience). 
Two years after the events, most people having since changed roles and locations, they accepted a semi-structured 
individual interview to provide a multiperspective reconstruction. The meetings were between 75 and 180 minutes 
long and followed an adjustable script with open-ended questions, but still consistent with the mind map in 
Figure 5. The crisis managers were requested to do the following: 

● Introduce themselves – their role, tasks, personal and professional experience,  
● Share their own experience, focusing mainly on their own perception, instead of the documentary narrative, 
● Detail the crisis highlights, as well as the actions carried out before, during and after the passage of each 

hurricane, 
● Specify the sources and types of reference information for their actions and decisions. 
● Describe the main difficulties they faced (i.e. domino effects, actions or decisions at different levels). 

 
9  Telecommunications facility manager for the French West Indies 

10 French energy supplier (electricity and natural gas) 
11 Interministerial Crisis Unit 
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● Describe their organisational framework for facing that crisis (partners, collaborators and direct contacts), 
● Describe their perception of preparedness. 
● Give their opinion about a tool for improving major disaster management (i.e. methodological or technical 

tool, etc.). 
As the interviews and the graphical editing of the topological graph progressed, other topics beyond those in the 
mind map were emphasised by the witnesses, and found to be relevant for this research. These were human factors, 
such as: 

● personal and professional experience, which may have a significant impact on personal crisis management 
skills, and may affect the decision chain; and 

● feelings (i.e. stress, fear, uncertainty and trust), which may explain ineffective decisions or actions, and the 
biased understanding of positive or negative alternatives. 

The significance of these factors and their relationships with other elements influencing the development of the 
crisis led us to include them in the preliminary mind map. But, even more remarkably, these complementary 
factors, though missing in the preliminary scope of the research, partly shaped the ontological concepts and 
influenced the design of the dedicated semantic data model at the analysis stage of the feedback corpus (Steps 4 
and 5, Figure 1). 

 
Figure 6. Public and private services represented by the interviewees 

The experience feedback processing and topological graph analysis  

To breakdown the information collected by the semi-structured interviews into “elementary facts”, the 
components of the initial mind map in Figure 6 complemented by the arguments pointed out during the interviews, 
were used to recognise the relevant elements cited in the corpus and label the verbs in the triples. Any term 
(subjects and objects) added to the individual topological graphs was referred to a noun used in the mind map: 
resource, message, damage, etc. As the interviews were in French, the terms of the mind map were translated and 
used in this language, to reduce the risk of distorting the original information during processing. The elements 
were labelled to respect stakeholder feedback, i.e. something considered as a resource by somebody might be 
referred to as a need by someone else. All the triple elements were edited manually. During the data entry, the 
researcher was able to verify if any element was already present in the corpus by previous interviews, and reuse 
the pre-existing node, in case. 

The homogeneous collection of individual topological graphs obtained by each interview generated a network of 
nodes and links providing a graphical representation of the collective experience of the disaster. However, the 
visualisation of the huge amount of interconnected “elementary facts” as topologically connected terms is useless. 
Relevant information and critical paths needed to be obtained by different techniques. To extract topic-specific 
portions of this multiperspective, integrated, but still raw, data collection, we used filtering criteria and interactive 
gradual exploration of the overall topological graph. In the first case, the result is a semi-automatic graph focused 
on specifics terms, whereas the manual selections of nodes allows investigate the possible “multi-hop” paths 
between two elements not directly connected.  Using these two techniques for topological graph exploration, we 
implemented the analyses required for the follow up of the ExG implementation and those concerning real 
elements of remarkable facts. 
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Figure 7. Topological graph based on specific nodes and their direct relations – automatic selection (“réseaux”, 

“communication H.S” and “absence” before, during and after Irma) 

 Analysis of a topological graph: the “blackout” issue 

To show an example of extraction from the overall topological graph of the 2017 hurricane crisis, we analysed 
the events of energy blackouts and communication breakdown, their precursors and major consequences. 

The filtering consisted in selecting a set of labels for aggregating pertinent key nodes (“réseaux” for networks , 
“communication HS” for communication breakdown, and “absence” for lack –of communication and energy-) 
and their direct relations, over a specific period (before, during and after Irma) (Figure 7). 

Starting from the aforementioned filtered graph, in the second approach we made a new graph saving only those 
nodes we retained as pertinent to the blackout and communications breakdown review, concerning the preparation 
phase before Irma struck (Figure 8). We repeated iteratively the filtering and the selection until refreshing the 
connected nodes did not upload any new items considered “relevant” to the question.  

The resulting topological graph shows a message given by the director of the communication facilities manager 
(DAUPHIN TELECOM) about the possibility of a communications blackout, which other stakeholders 
disbelieved (“incrédulité”). This finding highlights a gap in the risk analysis of the entities responsible for the 
safety plan and disaster management. 

This new graph shows an isolated cluster of facts concerning the energy facility manager suggesting the lack of 
critical communication before the Irma’s strike. EDF, who did not attend COD meetings at that time, overlooked 
a crucial piece of information to the main coordination centre. It concerned a scenario of major disruption to the 
power service due to the hurricane, and the plan for an early deployment of a rehabilitation taskforce (“pré-
positionnement renfort” in the Figure 8; the text in these last two figures is in French, as resulting from the 
transcription in the original language of the information.) for the electricity grid and the global communications 
networks at St. Barth and St. Martin.  

If confirmed, the detection of this lack of information transfer is a critical issue for the effective hurricane 
preparedness and mitigation. Unfortunately, due to the challenges of the pandemic after February 2020, and the 
other research priorities of the consortium, the facts emerging from this analysis could not be validated with the 
contributors of the feedback corpus. 

However, we investigated this particular circumstance in the knowledge graph, to verify whether other types of 
relationships that bridge the gap among notable actors of this crisis, emerged by semantic inference. 
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Figure 8. Topological graph based on specific nodes and their direct relations – interactive selection (“réseaux”, 

“communication H.S” and “absence” before Irma) 

Semantification and exploitation of the ontological mapping of the experience 

After this analysis of the raw dataset, the authors defined the specifications of the semantic data model for the 
semantic description of the facts included in the overall topological graph. Complying with the principles outlined 
in the previous sections, the ontology of ExG for the APRIL project ensures the full coverage of the relations and 
entities analysed in Step 4, by means of 10 concepts, 2 for nouns and 8 for attributes. The concepts of reference 
or “types of concept” are (Figure 9):  

●  (Agent)Resource 
● (Process)Event 
● Condition 
● Social entity 
● Geographical reference 
● Time reference (or Relator) 
● Contextual Domaine 
● Operation 
● Key parameter 
● Quality 

A detailed description of each concept is beyond the scope of this work in progress. However, the annotations on 
Figure 9 show the Agent and Process concept classes, the types of concepts for the attributes, and explain that 
they are separated into “identity specific” and “context specific”. According to the semantic data model of Figure 
3, the combination of these types of attributes, other than their possible qualification, distinguishes between all 
the objects defined as agents and all the types of events retained as relevant to the case study.  

Analysis of the experience knowledge graph: from facts to theory 

To finalise this study case, the ExG prototype will be enriched with different SPARQL queries meeting the APRIL 
research objectives. For this work, we developed a semantic graph request to render a conceptual representation 
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of the facts and information discussed in the analysis of the topological graphs shown above (Figure 4 and 5). 

 
Figure 9. Graphical representation of the concepts constituting the ontology implemented by ExG, for the hurricane 

season post-disaster review. Two types of concept are expanded to show their classes. 

The graph resulting from this SPARQL request (Figure 10) contains all the entities useful for describing the terms 
of the topological graph in Figures 7 and 8. These are “universals” that generalise the agent and resources, and 
their conditions, the events and activities, with their attributes. The ontological graph of the experience maintains 
an evidence-based real-life level that allows decisions to be taken and crisis management issues to be anticipated, 
even when indirectly linked to each other, such as the crucial importance of communications recovery for issuing 
warnings about the water supply. Figure 10 also describes the situation detected in the topological graph of Figure 
8, of people aware of critical scenarios, but who might not be heard, nor exchange each other, before the disaster 
occurrence because they are not included in emergency response coordination meetings before the hurricane 
strike.  

DISCUSSION 

The analytical processing of the ExG ontological graph highlighted the critical paths of certain events, decisions 
or phenomena, as well as cascading effects (Figure 10). In this example, they revealed lack of relations, which 
slowed down or blocked the transfer of information crucial for good crisis management. The multiperspective 
representation of testimonies may suggest an improved plan for dealing with similar crises. 

Finally, we obtained an abstract representation of the crisis, or a “metacrisis”, including a model of relationships 
valid at a more general level than this specific experience, but still able to capitalise what really occurred in the 
past. The major value of such a dynamic and searchable representation of a post-disaster assessment lies in the 
capitalisation of a major disaster on more general perspective, improving the preparedness and effectiveness of 
the global crisis management system and increasing community resilience.  

CONCLUSION 

The “queryable category-based feedback knowledge graph” (ExG) that BRGM is developing and plans to test in 
different applications, is a knowledge management system designed to provide insights and learn lessons across 
the range of organisational management, decision-making and operational activities needed to achieve complex 
or critical objectives. 
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Figure 7. Ontological graph of the impacts and cascading effects on energy and communication networks affecting 

the crisis management: conceptual feedback and lessons learned from Irma hurricane at St. Martin 

The different points of view, experiences and contexts, as well as the requirements for improving this type of 
crisis management were collected by about forty practitioners at different levels of decision-making in public and 
private safety services within French civil protection institutions. We used the ExG prototype to validate the 
workflow, the process implementation and the minimal user requirements.  

We believe that, together with the new approach to a hybrid ontology definition and the original process of 
knowledge collection introduced by this article, the sketch data model provides a robust framework for the 
feedback inductive analysis promoted by the ExG method. 

The roadmap of ExG finalisation aims to produce a platform for multiperspective design and continuous 
improvement of resilient sociotechnical systems. This consists of modules for managing the workflow from data 
definition to their final manipulation and analysis. The design of the ExG platform shall remain open and able to 
integrate several existing solutions for specific workflow tasks, if their output results compliant to the linked data 
engine and the core specifications of the method. Most developmental efforts should be instead invested in 
optimising the data conceptualisation, the semantically enhanced analysis and the representation of outputs for 
different applications. 
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ABSTRACT

Successful and e�cient crisis management depends on the availability of all accessible relevant information on the
incidents during a crisis. The sources of this information are very often multiple and manifold – in particular in the
case of environmental crises such as wild fires, floods, drought, etc. For the sta� of the control centres it can be
a challenge to follow up on all of them. In this paper, we present work in progress on an automatic multilingual
incident report generator that produces summaries of all environmental incidents communicated by citizens or
authorities in a given time range for a given region in terms of a text message, an audio, a video or an image and
analyzed by dedicated modules into uniform knowledge representation structures.

Keywords

natural language generation, multilingual, ontology, incidents, crisis management.

INTRODUCTION

Successful and e�cient crisis management depends on the availability of all accessible relevant information.
Especially in the case of environmental crises such as wild fires, floods, drought, etc. the sources and types of
this information are manifold. One of the sources that plays nowadays a very significant role is the population.
Often, the citizens are the first to detect an incident and to broadcast it in social media or communicate it directly
to the authorities. As a rule, several posts or calls on the same incident are received in a short period of time;
in some cases, such as, e.g., flood in an urban area, they go into hundreds per hour. For authorities, it can thus
be a challenge to attend all of them. On the other side, while they are on the same incident, this does not mean
that it su�ces to take note of just of one of them (e.g., the latest): they may contain di�erent details or provide
complementary views that can be useful for the assessment of the situation. In our work in progress, we explore
how Natural Language Processing techniques can be used to automatically analyze the information received from
di�erent sources (and potentially also in di�erent languages), summarize it and generate an incident report in the
language of the preference of the addressee. In what follows, we focus on the incident report generator.
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In the past, report generation techniques have been used in the context of environmental information generation (see,
e.g., (Goldberg et al. 1994; Reiter et al. 2005) for weather report generation, (Wanner, Bohnet, et al. 2010) for air
quality bulletin generation, or (Bouayad-Agha et al. 2012; Wanner, Bosch, et al. 2015) for more generic environmental
report generation), disaster news recognition (Domala et al. 2020), disaster categorization (Ketmaneechairat and
Maliyaem 2020), and so on. Our work is most similar to (Rudra et al. 2016), where multiple Twitter messages on
crises incidents are summarized using an abstractive summarization strategy, under the avoidance of repetition.
However, there are very important di�erences between our work and theirs. Firstly, the backbone of our framework
are ontology-based knowledge repositories, while Rudra et al. stay at the text stratum. This allows us to (i) reflect in
the report not only textual or audio data, but also information extracted from videos, images, and structured data;
(ii) take into account heterogeneous information sources (e.g., social media, authority briefs, etc.). Secondly, we use
dedicated report generation techniques, while they apply (abstract) summarization techniques. Like this, we ensure
flexibility in wording and the possibility to deliver the report in the language of the preference of the addressee.

The presented work has been carried out in the context of the European H2020 Project beAWARE1; see (Karakostas
et al. 2018) for a general overview. In what follows, we introduce the beAWARE framework in which our generator
is embedded, present our approach to multilingual incident generation, and summarize the state of our work.

OVERVIEW OF THE BEAWARE FRAMEWORK

The current experimental version of our incident generator is embedded into the more complex framework of an
integrated solution of beAWARE, which aims to support forecasting, early warnings, transmission and routing of
the emergency data, aggregated analysis of multimodal data and management of the coordination between the first
responders and the authorities; cf. Figure 1. The incident report generator, which is the topic of this paper, is
highlighted by a red box.

Figure 1. Snapshot of the relevant segment of the beAWARE framework into which the incident generator
(highlighted by a red box) is embedded

As shown in the figure, the beAWARE framework handles di�erent types of input information: audio, images,
video (including drone shootings), and text (including social media). This information is analyzed and its content is
injected into an RDF-based Knowledge Base (KB), organized in terms of time, location, type of information, etc.
The report generator is invoked by the User via the Knowledge Base Service (KBS); for details on the structure of
the ontologies in the beAWARE KB and the KBS, see (Kontopoulos et al. 2018).

1https://beaware-project.eu/
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SETUP OF THE REPORT GENERATOR

The Report Generator (RG) is composed of two main submodules: content selection and linguistic generation; cf.
Figure 2.

Figure�2.�The�general�structure�of�the�incident�generator

The�content�selection�submodule�selects�from�the�KB�the�content�that�is�to�be�communicated�to�the�User�in�terms�of�
an�incident�report.�The�content�selection�strategies�di�er�depending�on�the�original�source�of�the�content:�video�/
image�or�audio�/�text.�For�videos�and�images,�the�incident�type�is�identified,�and�the�participants�in�the�incident�are�
collected.� If�two�di�erent�incidents�of�the�same�type�(e.g.,�fire)�are�reported�in�the�same�request,�the�participants�are�
aggregated�into�a�single,�generic�incident�of�that�type.�For�text�and�audio,�the�content�selection�is�more�complex�
due�to�the�richer�relations�between�participants�derived�by�the�text�analysis�module.�The�content�extraction�first�
identifies�the�di�erent�content�items�to�be�included�in�the�report:� incident�type,�object,�location�and�qualitative�
modifiers�(strong,�weak,�etc.).�Once�all�items�have�been�identified,�again�aggregation�is�applied�and�duplicated�
incidents�are�filtered�out�in�order�to�avoid�repetition.�We�have�chosen�to�use�a�dedicated�content�selection�strategy�
instead�of�generic�ontology�summarization�(Pouriyeh�et�al.�2018)�because�we�need�to�ensure�that�specific�content�
item�types�are�selected.�Before�the�selected,�aggregated�and�filtered�content�is�passed�to�the�linguistic�generator,�it�is�
casted�into�a�JSON�interface�format�and�mapped�onto�a�conceptual�structure�(see�an�example�of�such�a�conceptual�
structure�in�Figure�3�in�the�next�section);�for�details�on�the�mapping,�see�(Mille,�Symeonidis,�et�al.�2020).

As�Multilingual�Report�Generation�(MRG)�submodule,�we�use�the�freely�available�rule-based�FORGe�Generator�
(Mille,�Carlini,�Burga,�et�al.�2017),�whose�multilingual�grammars�have�been�extended�to�cope�with�the�specialized�
discourse�of�crisis�management.� In�general,�there�are�three�main�approaches�to�generating�texts�from�ontologies:
(i)�filling�slot�values�in�predefined�sentence�templates�(McRoy�et�al.�2003),�(ii)�applying�grammars�that�encode�
di�erent�types�of�linguistic�knowledge�(Varges�and�Mellish�2001;�Wanner,�Bohnet,�et�al.�2010;�Bouayad-Agha�et�al.�
2012;�Androutsopoulos�et�al.�2013),�and�(iii)�predicting�the�most�appropriate�output�based�on�machine�learning�
models�(Castro�Ferreira�et�al.�2020;�Belz�et�al.�2011).�A�number�of�systems�also�combine�(i)�and�(iii),�filling�the�slot�
values�of�pre-existing�templates�using�neural�network�techniques�(Nayak�et�al.�2017).�Template-based�generators�are�
very�robust,�but�also�limited�in�terms�of�portability�since�new�templates�need�to�be�defined�for�every�new�domain,�
style,� language,�etc.� Machine� learning-based�generators�have� the�best�coverage,�but� they�require�a�significant�
volume�of�training�material,�which�is�not�available�in�our�case.�Furthermore,�state-of-the-art�Neural�Network-based�
NLG�still�su�ers�from�“hallucination”,�i.e.,�verbalization�of�content�that�is�not�present�in�the�input�structure,�and�
omission�of�some�content�items�that�are�present�in�the�input�structure.� Both�hallucination�and�omission�cannot�
be�tolerated�in�such�a�highly�sensitive�application�as�crisis�management.� The�development�of�grammar-based�
generators�is�time-consuming�and�they�usually�have�coverage�issues,�but�they�do�not�require�training�material,�allow�
for�a�greater�control�over�the�outputs�(e.g.,�for�mitigating�errors�or�tuning�the�output�to�a�desired�style),�and�the�
linguistic�knowledge�used�for�one�domain�or�language�can�be�reused�for�other�domains�and�languages.

The�MRG�generates� two� types�of�reports:� (i)�summaries�of�all� incidents�sent�by� the�KBS�(SumALL)�and�(ii)�
summaries�of� incidents�per� time� frame� (SumTIME).� In�practice,� the�data�are� the�same,�but� the�way� they�are�
being�processed�di�ers.�For�SumALL,�if�an�incident�is�exactly�the�same�as�a�previous�incident,�it�is�not�reported�
whereas,�for�SumTIME�identical�incidents�can�be�reported�more�than�once�across�time�frames�(but�not�within�the�
same�time�frame).�For�instance,�if�the�KBS�sends�four�events�of�fire�reported�in�Valencia�in�three�di�erent�time�
frames,�SumALL�will�only�return�one�“Fire�in�Valencia”�statement,�while�SumTIME�will�return�three�“Fire�in�
Valencia”�statements�(one�for�each�time�frame).�Currently,�we�use�hourly�time�frames�for�all�types�of�incidents.�
This�is�a�simplification�since�the�optimal�granularity�certainly�depends�on�the�type�of�the�incident�(e.g.,�for�strong�
rain,�an�hourly�frame�can�be�considered�as�adequate,�while�for�a�wild�fire�under�strong�wind�conditions�it�is�not).�
Furthermore,�so�far�we�do�not�put�in�temporal�relation�incidents�of�di�erent�types�whose�occurrence�in�a�specific�
time�lag�may�lead�to�a�critical�event.
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Figure 3. Sample conceptual structures that encode the content of the report under generation

Figure 4. Semantic structures that correspond to the Conceptual structures in Figure 3

Figure 5. Deep-syntactic structures derived from the semantic structures in Figure 4
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Figure 6. Surface-syntactic structures derived from the deep-syntactic structures in Figure 5

Figure 7. Deep-morphological structures derived from the surface-syntactic structures in Figure 6

Figure 8. A sample surface-morphological structure derived from the surface-syntactic structure in Figure 7

ILLUSTRATION OF THE FUNCTION OF THE INCIDENT GENERATOR

The FORGe generator is grounded in a multilayer linguistic model (Mel’Ãuk 2015). Each layer formally describes
linguistic structures at a specific level of abstraction:2 1. conceptual, 2. semantic, 3. deep-syntactic, 4. surface-
syntactic, 5. deep-morphological, and 6. surface-morphological. The generation of a sentence in a specific language
consists thus of a sequence of projections of a given sentence structure from layer 8 to layer 8 + 1, starting from
the conceptual structure. The projections are defined by layer pair- and language-specific graph transduction
grammars (Bohnet and Wanner 2010). In the case that several structures are available at one layer, they are (partially)
aggregated by the corresponding aggregation grammars.

In what follows, we illustrate the generation of an incident report fragment in English. We start from the conceptual
structures shown in Figure 3. As can be observed, they contain several isolated statements related to the same
location, namely La Devesa, a statement on heat in Valencia and two general risk statements, one on strong wind and
the other on heat. Before the conceptual structures are projected onto the corresponding semantic structures, two of

2See (Mel’Ãuk 2015) for the theoretical background of the linguistic model and the justification of each of its layers.
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the statements related to La Devesa are aggregated. Figure 4 shows the resulting semantic structures. Semantic
structures di�er from conceptual structures in that they are language- specific and more detailed; they encode the
linguistic predicate-argument structures (e.g. the predicate detect has two arguments, the detecting entity, A1, and
the detected entity, A2). The deep-syntactic structures are obtained from the semantic structures (Figure 5). As can
be observed, the deep-syntactic structures already predetermine the structures of the sentences that are about to be
generated in terms of deep-syntactic relations (argumental relations I, II, etc., and non-argumental ones such as
ATTR used for structuring the sentence). They also contain all meaningful lexical items, not only the semantic
items, as the semantic structures do (see, e.g., the preposition in and the conjunction and). The deep-syntactic
structures are mapped onto the surface-syntactic structures (Figure 6), which display also such auxiliary words as
the verb be and the grammatical relations between words (such as, e.g., NMOD (for ‘nominal modifier’), SBJ (for
‘subject’), etc.). In the projection from the surface-syntactic to deep-morphological structures, the word order is
determined and the morphological agreements are resolved. Figure 7 shows one of the obtained deep-morphological
structures. From the deep-morphological structures, finally, the surface-morphological structures are derived, as
illustrated in Figure 8.

The conceptual structures are very similar to the Facts in ILEX’s Content potential structures (O’Donnell et al.
2001), or the Message triples in NaturalOWL (Androutsopoulos et al. 2013), with the di�erence that all nodes
in the conceptual structures are intended to represent atomic meanings (e.g. risk + fire as opposed to riskFire),
allowing for more flexible aggregation and sentence structuring. The first part of the generation pipeline, which
produces aggregated conceptual graphs, is also comparable to ILEX, while the surface realisation is largely inspired
by MARQUIS (Wanner, Bohnet, et al. 2010). Our generator shares not only its general architecture with these
two systems, but also the use of lexical resources with subcategorisation information and of a multilingual core of
rules (see next section). One of the specificities of our pipeline is that two types of aggregation take place during
generation, one at the predicate-argument level (in a NaturalOWL fashion), and one at the syntactic level; see
more details on the di�erent levels and the di�erent types of rules in (Wanner, Bohnet, et al. 2010) and (Mille,
Dasiopoulou, et al. 2019).

EXTENSIONS OF THE GENERATOR FOR CRISIS MANAGEMENT

Extensions of language-independent rules

For the specific needs of the crisis management use case, the main improvement was the development of new
aggregation grammars that combine the conceptual structures together into what will be realized as a single sentence,
in a way that supports the summaries that need to be provided by the platform. With the extension of the aggregation
grammars, there are 5 main types of aggregation currently supported; each type includes several subtypes based on
the context in which the contents to be aggregated appear. We describe here the 5 types of aggregations that take
place within the conceptual/predicate-argument templates, which involve the following types of components:

• Predicates Pn, which usually correspond to a main verb: report, detect, impact, overflow, etc.

• Arguments An, which are the participants of the predicates: fire, flood, person, building, river, etc.

• Argument slots Sn, which are the type of relation that links a predicate with an argument: first slot (someone
detects), second slot (something is detected), etc.

• Locations Ln, which specify the place where the event denoted by the predicate or the argument took place:
el Saler, Mateotti Square, Valencia, etc.

• Times Tn, which specify the time point when the event denoted by the predicate or the argument took place:
2PM, midnight, etc. These are usually not verbalized by the MRG pipeline since the reports are sent together
with the corresponding time stamp.

The aggregation rules examine all predicate-argument templates, and group two or more of them (the same value for
the index n indicates sameness; new or updated aggregation types are denoted “New” and “Updated” respectively):

1. Fusion of predicate and one argument (Updated): if two or more predicates, one of their arguments and the
relation between them (the argument slot) are the same, we bring the other arguments/locations together,
either by coordinating or juxtaposing them, depending on the configuration.

Coordination: [Fire]�1(1 [detected]%1 [in Valencia]!1 + [Fire]�1(1 [detected]%1 [in el Saler]!2 = Fire
detected in Valencia and el Saler.

Juxtaposition: [Fire]�1(1 [detected]%1 [in Valencia]!1 + [Fire]�1(1 [detected]%1 [at 2PM])1 = Fire detected
in Valencia at 2PM.
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2. Fusion of predicate and location (or time) (Updated): if a predicate and the location (or time) is the same, but
one argument is di�erent (but with the same slot), the arguments are coordinated.

[Two persons]�1(1 [are impacted]%1 [in Valencia]!1 + [Three dogs]�2(1 [are impacted]%1 [in Valencia]!1

= Two persons and three dogs are impacted in Valencia.

3. Fusion of predicate only (Updated): if two predicates have di�erent arguments with the same argument slot,
we coordinate the arguments.

[Fire]�1(1 [detected]%1 + [Smoke]�2(1 [detected]%1 = Fire and smoke detected.

4. Coordination of predicates (New): if two predicates are the same but have no argument slot in common, or
have one argument slot in common but the argument is not the same, the predicates are coordinated. In this
case, the second occurrence of the verb is elided in order to avoid repetitions.

[Two persons]�1(1 [are impacted]%1 [in Valencia]!1 + [Three persons]�2(1 [are impacted]%1 [in el Saler]!2

= Two persons are impacted in Valencia and three persons in el Saler.

5. Fusion of one argument only (Updated): if two arguments are the same, but the surrounding elements are
di�erent, we introduce an embedded clause (relative or participial clause). This type of aggregation covers
what is referred to as subject progression and object progression in the literature.

[Fire]�1(1 [detected]%1 [in Valencia]!1 + [Fire]�1(1 [reported]%2 [in el Saler]!2 = Fire, which was detected
in Valencia, is reported in el Saler.

Note�that�the�rules�sometimes�find�more�than�one�possible�aggregation,�but�only�one�type�applies�at�a�time.�However,�
there�are�two�rounds�of�aggregation,�which�means�that�complex�aggregations�are�possible:�Fire,�which�was�detected�
in�Valencia,�is�reported�in�el�Saler�and�la�Devesa.

In�addition�to�adding�functionalities�to�the�generator,�some�issues�detected�during�intermediate�assessments�were�
fixed.� Indeed,�even�though�the�original�FORGe�received�good�evaluation�marks�at�the�WebNLG�challenge�(Gardent�
et�al.�2017),�after�an�error�analysis�of�FORGe’s�outputs,�we�found�a�series�of�general�problems�impairing�the�quality�
of�the�generated�texts�in�terms�of�contents�and�grammaticality.� In�particular:� (i)�some�properties�were�not�verbalized�
due�to�the�failure�to�produce�relative�clauses�in�some�specific�cases;�(ii)�the�aggregations�were�at�times�excessive,�
erroneously�merging�verbs�with�di�erent�tenses�or�failing�to�choose�the�right�structure�(e.g.�X�impacted�Y,�which�was�
impacted�by�Z,�instead�of�X�and�Z�were�impacted�by�Y),�failing�to�merge�(e.g.�X�was�impacted�by�Y.�Z�was�impacted�
by�Y),�or�leading�to�an�ungrammatical�outcome,�with�for�instance�the�presence�of�several�also;�(iii)�the�construction�
of�some�relative�clauses�were�faulty,�as�e.g.�X�can�a�variation�of�which�be�Y,�instead�of�X,�which�can�be�a�variation�of�
Y;�(iv)�the�referring�expression�module�was�applying�excessively,�resulting�in�ambiguous�pronouns,�and�sometimes�
incorrectly�pronominalizing�non-human�entities�with�he,�or�failing�to�pronominalize�locations,�such�as�in�A�fire�
has�been�detected�in�Valencia.�Fire�in�Valencia.,�the�second�sentence�being�more�naturally�rendered�by�Fire�there;
(v)�some�grammatical�agreements�were�not�solved;�(vi)�some�determiners�were�erroneously�introduced,�and�some�
others�not�in�the�correct�form�(a�instead�of�an).�Many�occurrences�of�these�issues�were�fixed�in�the�grammars,�by�
modifying�and�adding�rules,�and�some�new�features�were�added,�as�for�instance�new�rules�to�cover�more�cases�of�
embedded�clauses�generation.�For�extending�the�grammars,�we�used�a�collection�of�domain-specific�inputs,�6�and�7�
triple�inputs�from�the�WebNLG�2017/2020�training�data,�and�the�whole�WebNLG�2017/2020�development�sets.

Extensions�of�the�multilingual�rules

The�generator�was�extended�to�cover�Italian,�Greek�and�Spanish�for�the�crisis�management�use�case;�in�this�section�
we�illustrate�multilinguality�with�Spanish.

Many�of�the�rules�are�language-independent�in�that�they�implement�linguistic�phenomena�independently�of�the�
target� language.� For� instance,� for�sentence�structuring,�many� languages�use�a�finite�verb�as� the�main�element�
of�a�well-formed� sentence.� Similarly,� tense�and�aspect�can�be� realized� in�many� languages�analytically,�with�
dedicated�auxiliaries,�or�synthetically,�with�morphological�a�xes.�Generic�rules�introduce�auxiliaries�or�a�xes�
at�the�dedicated�linguistic�level�of�representation.� The�adequate�lexical�or�morphological�unit�is�selected�in�a�
language-specific�lexicon�that�encodes�idiosyncratic�information.� To�handle�multilinguality,�(i)�a�multilingual�
dictionary�mapping�conceptual�units�to�language-specific�units�and�(ii)�a�language-specific�dictionary�that�describes�
the�individual�lexical�units�are�needed.�For�the�beAWARE�use�cases,�we�manually�crafted�the�multilingual�dictionary�
(255�entries),�in�which�the�keys�are�the�predicates�from�the�conceptual�templates,�and�the�values�are�lexical�units�in�
the�target�language;�for�instance,�the�predicate�locate�is�mapped�to�the�Spanish�verb�estar_VB_04�(‘be’).� In�the�
language-specific�lexicon,�lexical�units�such�as�estar_VB_04�are�described;�this�fourth�entry�for�estar�corresponds
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to a verb that has two arguments, the second being an adverb or a prepositional group. estar_VB_01 is the simple
copula, estar_VB_02 is the existential be, which has only one argument, and estar_VB_03 is the auxiliary (see e.g.
(Mille, Dasiopoulou, et al. 2019) for more details on the multilinguality of FORGe).

The most important rules added for Spanish were (i) rules introducing the surface-syntactic relations, based on
which linear order and morphological agreements are resolved, (ii) rules for gender and number agreements in
noun groups and auxiliary constructions, and (iii) word ordering rules. Note that the rules for Spanish also apply to
other Romance languages with similar features (e.g. French, Italian, etc.). For designing the rules, we followed
the approach of AnCora-UPF (Mille, Burga, et al. 2013), a Spanish dataset in which each dependency relation is
associated with a set of syntactic properties. For instance, a subject is characterized by being linearized to the left
of its governing verb (by default), by being removable, by triggering the number and person agreements on the verb,
etc. For instance, in Un fuego es detectado (lit. ‘a fire is detected’), un fuego is the subject (subj relation) of es,
is on the left of es, triggers a 3rd person singular agreement on it (ser�#� ! es3�(⌧), and the verb group is still
grammatical if un fuego is removed. During the linguistic generation stage, 27 out of the 47 relations proposed in
AnCora-UPF -namely adjunct, adv, agent, analyt_fut, analyt_pass, analyt_perf, analyt_progr, aux_phras, appos,
attr, compar, coord, coord_conj, copul, det, dobj, iobj, modal, modif, obl_compl, obl_obj, prepos, punc, quant,
relat, sub_conj, and subj- are currently supported. In order to generalize the ordering rules across languages, the
dependencies were introduced in the Spanish lexicon with details about how they are linearized with respect to
their governor (vertical ordering). For instance, the subj relation is associated information about its dependent (the
subject), i.e. that it goes by default to the left of its governor (the verb). Generic linearisation rules also apply: for
instance, for the copul dependency (such as between be and warm), pronominal dependents are linearized BEFORE
the finite verb, and the other dependents AFTER it. That is, these rules do not use the default mappings provided
in the lexicon. Sibling dependents that end up on the same side of their governor are ordered with one another
with dedicated rules (horizontal ordering). 21 rules were added to manage these horizontal orderings. They make
possible the ordering of, for instance, determiners before the adjectives, or small adverbial groups before the objects;
consider in the case of the former the determiner un and the adjective gran, both dependent of the noun fuego in un
gran fuego (lit ‘a big fire’), and both realized on its left. Finally, 18 rules for resolving the agreements between verb
and subject, adjective/determiner and noun, copulatives and subjects, etc. were implemented. For instance, in the
structure Un fuego3�"�(⇠�(⌧ y viento3�"�(⇠�(⌧ <-subj ser copul-> detectado, will be linearized and inflected
as follows: Un fuego y viento son detectados (lit. ‘A fire and wind are3�%! detected"�(⇠�%!’).

THE STATE OF THE WORK

In its current version, the presented multilingual incident generator is a prototype implementation, which generates
reports on di�erent types of incidents in English, Italian, Greek, and Spanish. For instance, the structures presented
in Figures 3 – 8, result in the following report fragment:

Eng. Strong wind and humidity have been reported in La Devesa. Risk of fire, strong wind and heat.
Fire in La Devesa. Heat has been reported in Valencia.

Sp. Se han reportado viento fuerte y humedad en La Devesa. Riesgo de fuego, viento fuerte y
calor. Fuego en La Devesa. Se ha reportado calor en Valencia.

So�far,�no�quantitative�evaluation�was�performed�on�a�crisis�management�dataset�due�to�the�low�amount�and�variety�
of�domain-specific�data�to�use�as�input�for�our�generator.�To�assess�the�impact�of�the�presented�extensions�to�FORGe�
on�the�quality�of�the�generated�outputs,�we�report�two�quantitative�evaluations:�one�on�the�WebNLG�benchmark�
(Castro�Ferreira�et�al.�2020),�a�reference�dataset�for�English�data-to-text�generation�in�which�inputs�are�very�similar�
to�the�conceptual�inputs�shown�in�this�paper,�and�one�on�a�Penn�Treebank-based�dataset�created�for�our�own�purposes�
to�assess�specifically�the�coverage�of�the�sentence-structuring�grammars�(semantics�to�deep�syntax�and�deep�syntax�
to�surface�syntax).

WebNLG�evaluation

For�the�WebNLG�shared�task�(Castro�Ferreira�et�al.�2020),�the�inputs�are�sets�of�DBpedia�triples�from�di�erent�
domains;�these�triples�(e.g.�Location(Paris,�France),�or�Author(Alice’s�Adventures�in�Wonderland,�Lewis�Carroll))�
are�comparable�to�the�information�that�FORGe�receives�from�the�KB.�2�or�3�target�texts�per�triple�set�were�collected�
via�human�annotation,�and�one�randomly�picked�text�per�triple�is�used�as�reference�for�both�automatic�and�human�
evaluations.� In�the�following,�we�compare�on�the�WebNLG�2020�dataset�the�updated�version�of�FORGe,�with,�
as�baseline,�FORGe�before�undergoing�the�improvements.�We�report�scores�according�to�BLEU�(Papineni�et�al.
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2002),3 and more semantics-oriented metrics, which also take into account meanings, namely METEOR (Banerjee
and Lavie 2005) and BERTScore-F1 (Zhang et al. 2020). According to the automatic evaluation results, shown in
Table 1 (calculated on 1,780 texts), the increase of performance of FORGe is clearly visible on all metrics: +7.1%
for BLEU, +2.5% for METEOR and +1.4% on BERTScore.

BLEU METEOR BERT
FORGe 40.57 0.373 0.943
Baseline 37.89 0.364 0.930

Table 1. WebNLG’20 dataset, automatic evaluation results (English).

According to the human assessment, the improvement of the generator is also visible. For the human evaluation, 178
of the 1,780 texts used in the automatic evaluation (10%) were used, and human evaluators were asked to rate each
text based on 5 criteria respectively called Data Coverage, Relevance, Correctness, Text Structure and Fluency. For
each criterion, all the systems participating to the shared task are clustered into groups within which the normalized
scores are not statistically di�erent, resulting in 4 to 6 “quality” groups for each criterion. FORGe ranked 3 times in
the first group, once in the second group, and once in the third, while the baseline ranked at best in the second
group. In order to qualify the improvements, we report the raw scores assigned by the evaluators in Table 2.

Data coverage Relevance Correctness Text structure Fluency Average
Human 95.44 94.39 94.15 92.11 89.85 93.19
FORGe 92.89 93.78 91.79 87.4 82.4 89.66
Baseline 92.01 92.59 90.14 85.74 80.94 88.29

Cluster ranking
Human 1 1 1 1 1 N/A
FORGe 1 1 1 2 3 N/A
Baseline 2 2 2 2 4 N/A

Table�2.� WebNLG’20�dataset,�human�evaluation�results�(English,�max.� score�is�100,�best�cluster�ranking�is�1).

Given�the�notorious�issues�with�automatic�metrics�for�evaluating�text�generation�systems,�human�evaluations�are� 
considered�the�reference�evaluation.� The�average�scores�of�the�participants�at�WebNLG�ranged�from�76.61�to�93.27,� 
while�human-written�texts�achieved�an�average�score�of�(only)�93.19.� The�best�systems�were�the�ones�using�huge� 
pre-trained�language�models�fine-tuned�on�the�shared�task�data,�which�would�not�be�able�to�generate�accurate�texts� 
in�the�crisis�management�domain.� Overall,�FORGe�obtained�rather�high�results,�being�ranked�in�the�first�cluster�(i.e.� 
among�the�best�systems)�for�the�two�most�crucial�criteria,�namely�Data�coverage�and�Correctness,�which�assess�to� 
what�extent�the�systems�generate�all�the�expected�information�and�only�the�expected�information.� However,�both� 
versions�of�the�system�ranked�rather�low�for�Fluency�(how�well�the�text�flows),�which�is�a�criterion�for�which�it�is� 
very�di�cult�to�compete�with�statistical�generators,�which�are�known�to�be�able�to�replicate�quite�well�the�fluency�of� 
human-written�texts.� Note�however�than�13�out�15�participants�used�statistical�generators,�and�FORGe�outperforms� 
some�of�them�for�this�criterion.

Penn�Treebank�evaluation

We�use�the�whole�evaluation�section�(2,399�sentences)�of�the�dependency�version�of�the�Penn�Treebank�(Johansson� 
and�Nugues�2007),�converted�to�predicate-argument�structures,�using�the�semantic�analyzer�described�in�(Mille,� 
Carlini,�Latorre,�et�al.�2017).� The�task�is�thus�to�reconstruct�each�original�sentence�starting�from�the�predicate-
argument�structure.� This� time,� the�baseline�and� the�updated�FORGe�only�di�er�by� their�sentence�structuring�
grammars,4�which�are�the�core�of�the�generation�pipeline,�so�as�to�specifically�assess�their�quality.� The�inputs�on� 
this�dataset�consist�of�single�sentences�(i.e.� no�aggregation�takes�place)�but�exhibit�a�considerably�larger�variety�in� 
terms�of�vocabulary�and�sentential�complexity�than�WebNLG.�The�result�using�the�BLEU�metric�shows�a�score�of� 
39.84,�which�is�>25%�above�the�original�FORGe�generator�(31.78),�indicating�that�the�coverage�of�the�sentence� 
structuring�grammars�has�been�significantly�improved.

3The�BLEU�metric�has�been�originally�introduced�to�assess�the�quality�of�machine�translation;�nowadays,�it�is�also�commonly�used�in�text� 
generation.� The�BLEU�score�reveals�how�similar�a�generated�sentence�is�to�a�“gold”�(or�ground�truth)�sentence�written�starting�from�the�same� 
content�by�a�human.

4The�grammars�that�perform�the�transitions�between�semantics�and�deep�syntax,�and�between�deep�syntax�and�surface�syntax.� All�other� 
grammars�are�the�same�as�the�baseline’s.
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Discussion

The evaluations show encouraging results, but as the illustration above also shows, the report quality still needs to be
improved. In particular, the discourse coherence would benefit from a broader coverage content aggregation across
di�erent types of incidents (in the example above, the statement on the fire in La Devesa can be also aggregated
with the information on the wind and humidity in the same location in order to make the text more fluent). More
diverse lexical choice would also contribute to the perceived quality of a report. Thus, in the example above, the
substitution of the second occurrence of the verb reported by one of its (quasi-)synonyms in this context (e.g.,
witnessed) would be a plus. The next version of the generator will take these issues into account.
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ABSTRACT 

The objective of this paper is to understand understanding at the boundaries of inter-organizational crisis 
management – through different practitioner accounts of the Swedish COVID-19 response. Large-scale crisis 
management is challenging, as it demands cooperation across organizational boundaries. This paper presents an 
interview study conducted in Sweden during the COVID-19 response. Findings suggest that cooperative work at 
the inter-organizational boundaries depends on the ability to bridge discursive boundaries. From the perspective 
of an organization, this demands understanding of the rationale, values, constraints and capabilities of other 
organizations. Interviewees expressed frustration due to the time demands of establishing such an understanding. 
Despite time demands, establishing understanding was needed as the ability to conduct basic tasks such as sharing 
information and resources, and coordinating action emerge from that understanding. In this paper, it is suggested 
that new approaches to training that comprise general boundary-crossing skills be added to existing training and 
exercise programs.  

Keywords 

Boundary-crossing Competence, Boundary Discourse, Systems Science, Complex Adaptive Systems, 
Constructivism 

INTRODUCTION 

When organizations interact across boundaries, a new type of inter-organizational discourse emerges. “…the 
communications that take place across organizational boundaries can be seen as a specific type of discourse that 
differentiates itself from the discourse taking place within the individual organizations… The communication that 
occurs between organizations involved in a crisis response organization reflects the quality of these interactions 
in terms of the knowledge, assumptions, definitions, etc that can be found in the discourse” (Johansson, 2020, p. 
4). Boundaries, in turn, can be defined as ambiguous concepts, reflecting the belonging to/excluding from as well 
as the points of interactions between organizations (Akkerman and Bakker, 2011). Further, boundaries are not 
stable constructs, but rather “precarious and permeable” in nature (Kerosuo, 2001). Personnel working at the 
boundaries between organizations have been suggested to either possess or develop a “boundary crossing 
competence” (Wenger, 1999). This boundary-crossing competence consists of the ability to translate, coordinate, 
and perhaps most importantly, align between perspectives and take multiple views. “…boundary-crossing people 
move beyond the boundary since they are not fully defined by the multivoicedness but rather are in a middle 
ground and have an often unspecified quality of their own (neither-nor)” as stated by Akkerman and Bakker (2011, 
p. 15). As organizations interact, boundaries will be re-negotiated and re-defined as time passes, in many cases
enacted in the multiple meanings and perspectives taken by people working across the boundaries.

This paper reports on an interview study conducted during the COVID-19 pandemic in 2021. The Public Health 
Agency of Sweden reported the first clear signs of societal spread of COVID-19 on the 10th of March 2020 
(Folkhälsomyndigheten, 2020). More than a year and half later, in November 2021, the pandemic was still 
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ongoing. To date, Sweden alone has surpassed a million confirmed cases of the disease, and over 15 100 deaths. 
Among lethal cases, the elderly population has been greatly overrepresented, with the vast majority of deaths 
being people aged 70 years or older (Folkhälsomyndigheten, 2021). Managing the COVID-19 pandemic has 
created an unprecedented strain on Swedish crisis management, especially healthcare and care for the elderly. 
Most crises are local phenomena that challenge the capacity of individual hospitals. In contrast, the COVID-19 
pandemic has posed a nationwide challenge, demanding coordination of effort and supplies between national 
agencies, regional organizations and municipalities. These actors all conform to different laws, regulations and 
guidelines, making cooperation a highly complex endeavor.  

In a previous paper by Johansson (2020), inter-organizational crisis response was described as a case of complex 
adaptive systems. Johansson conducted a systems analysis of Swedish crisis management and concluded that 
Swedish crisis management was signified by ad hoc constellations of organizations. These constellations formed 
temporary problem-solving clusters. The management of crisis response thus emerged as an effect of the 
interactions that takes place between the involved actors (Johansson, 2020). This view on crisis management 
systems is not novel as such, several other authors have reached similar conclusions (Andersson, 2016; Ansell et 
al., 2004; Berlin and Carlström, 2015; Comfort and Kapucu, 2006; Kapucu and Hu, 2016; Noori et al., 2016). 
However, Johansson pushed the argument that coordination of effort in such a system largely depends on 
communication and the ability to bridge discursive boundaries. The argument for this derives from the fact that 
organizational differences in terms of purpose, knowledge, ethos, culture, etc. manifest themselves in the way 
members of that organization express themselves, and hence act in the world (Ley, Pipek, Siebigroth and 
Widenhofer, 2013).  

A social constructivist perspective is adopted in this paper, meaning that knowledge is seen as subjectively 
constructed within the social context of the knower. This perspective applies both to the understanding of the 
informants’ accounts of cooperative work during the Covid-19 pandemic, as well as the authors’ interpretive 
analysis of the collected interview data. The objective of this paper is thus to understand understanding at the 
boundaries of inter-organizational crisis management – to account for different views of challenges in handling 
the COVID-19 pandemic, and by constructivist analysis identify challenges and possible learnings from these 
accounts. 

SYSTEMS THINKING AS CONSTRUCTIVISM 

The theoretical underpinnings of this paper are rooted in systems thinking and social constructivism. Systems 
thinking is used to model and understand the context of inter-organizational crisis management, and social 
constructivism is foundational as it allows for reasoning about understanding as a volatile concept, shaped by 
communication and social systems, manifested in communication and action (theory-in-use) (Berger and 
Luckmann, 1991; Kriz, 2010; Argyris and Schön, 1996). By combining these two perspectives, it is possible to 
develop a theoretical foundation that will guide the analysis of the interviews conducted in this study.  

The term system is often used in conjunction with crisis response or crisis management without further 
explanation. System is such a widely used term that it is taken for granted, although more elaborate discussions 
among scholars often reveal ambiguous applications of the term. It is therefore important to devote a few sections 
to clarify what is meant by crisis response system in this paper, and how it relates to the social constructivist 
approach. Systems thinking is to be understood as a perspective through which systems are defined for the purpose 
of analysis (von Bertalanffy, 1968). This stresses the point that systems never exist independent of the observer. 
According to the definition by Checkland (1999, p. 47), a system is “the name of an abstract concept, that of a 
complex whole entity of a particular kind”. Hence, the same observable entity can be defined into one or more 
systems or as a part of an overarching system, depending on the rationale of the observer. Different observers with 
different purposes will explain a phenomena in terms of different systems, just as someone studying physics will 
explain a flower differently from someone studying chemistry. Von Bertalanffy stressed this point even further, 
stating that “perception is not a reflection of ‘real things’ (whatever their metaphysical status), and knowledge is 
not a simple approximation to ‘truth’ or ‘reality.’” (1968, p. xxii). The study of crisis response systems is no 
exception to this.  

Defining a system is crucial in the sense that it comprises the task of identifying the boundary of that system. 
Boundaries make it possible to define inputs and outputs, meaning information that enters or leaves a system 
(Checkland, 1999, p. 101). Unfortunately, this neat description is hard to apply in reality, especially in a crisis 
response context where various entities interact in unpredictable ways, forming and re-forming constellations of 
systems and sub-systems (Johansson, 2020). This is particularly true in crisis and emergency response, as noted 
by Kapucu and Hu (2016, p.399): “Structural attributes of emergency management systems have impacts on the 
development of multiplex relationships among organizations within various networks.” 
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Constructivism (von Glasersfeld, 1984), and thus social constructivism (Berger and Luckmann, 1991), departs 
from a similar standpoint by stating that understanding is created in interaction with the environment or other 
humans. This approach states that there is no objective reality to be discovered. Instead, understanding is 
constantly being constructed, negotiated, and re-negotiated in an ever-ongoing cycle. As will be demonstrated, 
the acceptance of multiple views and perspectives on the organization one is part of and organizations one interacts 
with is crucial for the success of inter-organizational work. By accepting the notion of social construction of 
subjective realities, meaning that “an individual’s creation of their reality occurs within an exchange process 
between the individual and society and/or within encompassing social systems” (Kriz, 2010, p. 664), it can be 
assumed that representatives of different organizations in a specific inter-organizational context will have different 
perceptions of the situation shaped in relation to their individual organizational contexts.  

From a meta-analytical perspective, the system under scrutiny is in this sense created by the observer/analyst 
when he/she decides what the unit of analysis should be. For the purpose of this paper, the Swedish crisis response 
system, which is an inter-organizational endeavor, is defined as a Complex Adaptive System (CAS), as previously 
suggested by Johansson (2020).  

THE SWEDISH MODEL FOR CRISIS MANAGEMENT 

This study has investigated cooperation1 in the context of Swedish crisis management, which might differ from 
other models internationally. As previously described by Johansson, “The Swedish crisis response system is not 
a system per se”, but rather “a temporarily assembled construct composed by a variety of actors working according 
to a set of principles, directives and laws” (2020, p. 429). These are the principles of proximity, responsibility, and 
similarity. Responsibility for crisis management is dealt on the basis of geographical proximity, and organizations 
are expected to collaborate within the affected geographical area. Involved organizations are expected to continue 
operations with minimal changes, meaning that responsibility and mandates remain with the same organizations 
as in normal times, and no redistribution of power is enforced. Consequently, the Swedish model for crisis 
management relies upon flexible cooperation and coordination of concerned organizations and agencies, 
depending on the extent and location of the crisis. The involved organizations are expected to identify the needs 
for cooperation themselves. Thus, no guidelines for the initiation of cooperative/coordinative work are provided 
from government or agency level (MSB, 2018).  

In practice, the Swedish Crisis Response (SCR) system behaves analogous to a Complex Adaptive System as 
described by Holland (1992). Largely dormant in normal times, the SCR system produces emergent behavior in 
response to crises through the continuous interaction of its constituent organizations, “with little or nothing in the 
way of a central control” (Holland, 1992, p. 21). The organizations are in their own right considered as static 
agencies, with robust hierarchical structures and high levels of specialization. This adds up to a situation where 
emergent boundary-spanning structures are formed to respond to unanticipated and novel situations that cannot 
be handled within the original, specialized structures of the involved organizations.  

Boundaries and Boundary Spanning in the Context of Swedish Crisis Response 

A fundamental part in defining any system is the task of describing the boundaries of that system. From the 
constructivist approach described above it becomes clear that boundaries cannot be defined objectively as the 
outline of the system in focus is defined by the perspective taken by the analyst. However, defining and 
understanding boundaries is far more than an intellectual exercise. It very much affects real-world work, especially 
in situations where the boundaries define who can and is supposed to do what task. Boundaries define what you 
belong to as well as what you do not belong to (Akkerman and Bakker, 2011), but also provide an opportunity for 
interaction with others. Organizational boundaries are not static entities but in a continuous state of re-
interpretation and re-negotiation (Kerosuo, 2001). Just like belonging to a certain social group, profession, or age, 
organizational belonging creates discursive boundaries. As Linell put it, discourse comprises linguistic 
expressions, concepts, propositions, facts, lines of argumentation, values and ideologies, knowledge and 
theoretical constructs, ways of seeing things and ways of acting towards them, ways of thinking, and ways of 
saying things (Linell, 1998), or a matrix of context in which people exist. Thus, discourse does not only guide 
communication, it also creates boundaries that must be spanned in order to interact in a meaningful way. 
Overcoming discursive boundaries involves the activity of interacting with others, meaning that a price in the 
currency of time has to be paid. Unfortunately, the currency “time” is scarce in crisis response situations, and 

1 Cooperation is not to be confused with collaboration. In the present paper, cooperation is used to refer to the 
communicative process of reaching agreement about how to proceed with an issue where no single governing 
authority has the decisional mandate. In contrast, collaboration is the combined action of multiple actors. 
Collaboration may thus be an outcome of cooperation.   
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investments not made beforehand must be made during the crisis to establish and maintain cooperation, 
coordination, and ultimately collaboration.  

Turning the attention to the SCR System, a number of boundaries are of interest for the purpose of this study. At 
an overarching level, the utmost boundary of the SCR system in response to the Covid-19 pandemic can be said 
to be the country’s national border. Responding to this crisis has involved the whole of society, including public 
sector agencies, private organizations and the citizens. Looking at the system in more detail, a distinction can be 
made between actors operating on a national level and actors on regional levels. Actors of primary interest on the 
national level during this crisis are The Swedish Public Health Agency, The National Board of Health and Welfare 
and the Government. These actors have cooperated on a strategic level, pushing directives for all actors within the 
system on how to act.  

On the regional level, Regional Healthcare Agencies (from now on “Region”), municipalities, the Police, Rescue 
Services and County Administrative Boards (CAB) cooperate in each individual county. The study reported on in 
this paper primarily investigated the respective roles of the regional level actors, and by extension the boundaries 
between these organizations. This focus was intentional and follows the logic of the analysis of the SCR system 
as a complex adaptive system. According to this analysis, the ability to respond to the pandemic is based on the 
ability of the operative entities to cooperate, work which is manifested on the regional and sometimes even local 
(municipal) level (Herkevall, 2021).   

Regional and Municipal Healthcare Providers 

The Regions are the primary healthcare providers in their respective county, including management of both 
hospitals and local health centers (Swe: vårdcentraler). The everyday operations of the regional healthcare is a 
line production-based organization, where work and resources are calculated based on predictions regarding the 
need for different types of care and subsequently evaluated by rates of effectivity. The different care units (such 
as surgery, orthopedics, and oncology) are administratively distributed across all hospitals in the county.  

With emergency healthcare being a part of their services, the Regions are involved in the response to all crises 
that involve injury outcomes. As such, every Region is required to have an emergency medical contingency plan 
(Socialstyrelsens föreskrifter och allmänna råd om katastrofmedicinsk beredskap, 2013) that defines standardized 
roles for crisis response, the redistribution of decision mandates to a special command and control structure, and 
procedures for different types of scenarios. In practice, this means that the Region establishes a dedicated crisis 
staff that is run in parallel to the ordinary activities in order to handle crises as effectively as possible – meaning 
best possible outcomes for victims of the event while minimizing the impact on the ordinary activities of the 
organization.  

Complementary to the needs-based healthcare services of the Region, municipalities provide routine healthcare 
in the homes of the chronically ill. In contrast to the regional healthcare organizations, the municipalities do not 
have a corresponding emergency medical contingency plan. This follows logically from the fact that emergency 
medical care is not part of their everyday operations, and as such they are not normally involved in medical crises 
but rather continue work as usual in parallel with crisis response operations.  

In essence, the municipalities are strictly bureaucratic organizations, divided into administrational departments 
according to service area (e.g., education, health and welfare, culture). Each department is specialized in its area 
of responsibility and strives to optimize the bureaucratic processes of their operations. The boundaries between 
departments within municipalities are similar to organizational boundaries as described in this paper. Each 
department works according to different regulations and has their own budget. Interdepartmental cooperation thus 
poses a challenge similar to that of inter-organizational cooperation. Despite the overall organizational structures 
being similar, each municipality differs in terms of how they divide department areas and responsibilities, how 
departments are organized internally, and what roles are included.  

County/Regional-Level Cooperation 

There are established cooperative structures for crisis response in every county, which unite representatives from 
a chosen set of actors including County Administrative Board, Region, municipalities, the Police, Rescue 
Services, the Armed Forces, Coast Guard, and the Transport Administration. These cooperative structures take 
the form of communicative forums with the main purpose of establishing common operational pictures and 
identifying cooperative needs. This does not entail any shifts in C2 or decision-making mandates. During non-
crisis times, these structures exist in a sort of idle state, where meetings between the involved actors occur sparsely 
(but regularly) with the purpose of discussing learnings of previous crises and potential changes in the organization 
of the crisis response system as a logical consequence.  
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The county cooperative forums have contingency plans similar to that of the Regions’ emergency medical 
contingency plan, stating who can initiate a crisis response, in what situations, and through what channels. 
Essentially, any of the involved actors that find themselves in a crisis situation that they perceive to require 
cooperation can classify it as a special event. From this point, the forum is to enter crisis response mode. The 
County Administrative Board holds the summoning function and is thus expected to coordinate meetings when 
need arises.   

Table 1. Participant characteristics and qualifications. 

Participant ID Background 

R1 Professional background: Specialist nurse, emergency care (ambulance care) 
Current position: Contingencies coordinator (emergency medicine), developing civil 
defense, duty officer (region). 
Pandemic role: Chief of Staff in Regional Medical Command and Control for healthcare. 

R2 Professional background: Nurse. 
Current position: Teacher in emergency medicine, duty officer (region). 
Pandemic role: Staff member Regional Medical Command and Control for healthcare. 

R3 Professional background: Ambulance care. 
Current position: Contingencies coordinator, education and development in prehospital 
systems. 
Pandemic role: Staff member Regional Medical Command and Control for healthcare.  

M1 Professional background: Nurse. 
Current position: Medically responsible nurse for municipality. 
Pandemic role: Internal coordination and municipal representative for vaccination effort. 

M2 Professional background: Nurse. 
Current position: Medically responsible nurse for municipality. 
Pandemic role: Internal coordination and municipal representative for the vaccination 
effort.  

CAB1 Professional background: Crisis response in national agencies.  
Current position: Administrative officer with focus on crisis preparedness. 
Pandemic role: Chief of Staff in special Command and Control for County Administrative 
Board.  

METHOD 

This study used a semi-structured interview approach with a focus on eliciting accounts of cooperation in an inter-
organizational context during the Covid-19 pandemic. Participants were recruited from one Swedish county and 
included one representative from the County Administrative Board (Swe: Länsstyrelsen), three representatives 
from the regional healthcare organization (Swe: Regionen) and two municipal (Swe: kommun) representatives 
from the researched county. The participants were recruited based on their experience of inter-organizational work 
during the Covid-19 pandemic. In total six interviews were conducted, five over Zoom video-calls, and one 
through a regular phone call. This approach was chosen based on the prevailing pandemic restrictions at the time. 
All interviews were transcribed at the level of orthographic transcription (i.e., verbatim, standard spelling, and 
script-like organization) (Linell, 1994). Some additional notations regarding tempo and emphasis were noted 
based on the interviewer’s judgement of necessity.  

The interview data was then analyzed by one of the authors through a process of thematic analysis as described 
by Braun and Clarke (2006). This process included identifying and collating codes in the data into overarching 
themes. These themes were iteratively checked against the dataset and refined until a set of themes had been 
defined, named and described to a satisfactory level of accordance with the dataset as a whole. 
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RESULTS 

The results2 of the interviews and the subsequent thematic analysis are presented in two themes offering different 
insights into the process and importance of establishing a functioning boundary-crossing discourse in inter-
organizational cooperation:  

1. The concept of cooperation. This theme illustrates the varying understandings of the concept of
cooperation present in the studied boundary context. Differences are evident both in the semantical sense
of the phrase, and in terms of expected behaviors and outcomes.

2. Inter-organizational cooperative structures. This theme accounts for three different types of cooperative
structures for inter-organizational work that have been highly involved in managing the pandemic. These
structures, although separately distinguishable, also show evidence of high interconnection. The process
of establishing emergent cooperative structures in response to crises is illustrated in three distinct steps.

Theme 1 – The Concept of Cooperation 

The first theme concerns the challenge of aligning implicit assumptions with regard to the notion of cooperation, 
the associated activities, and goals. There seems to exist a tendency to view cooperation as successfully achieved 
when the result is in line with the usual operations of the individual organization. The agencies of which the work 
is primarily administrational in nature (e.g., the County Administrative Board) have orders to collect and collate 
information into continuous operational pictures. As a consequence, their focus in cooperative work lies primarily 
with information exchange.  

I6.235.CAB1: So a lot has been about (.) yeah well gathering information for the operational 
pictures that is-- the government asks for quite a lot and [The Civil Contingencies Agency] as 
well quite a lot of information about this. So it has been (..) yeah well building that and keeping 
it going where the municipalities are to deliver information.  

In contrast, the Region, being healthcare providers, have a stronger operational focus. In their view, the 
information exchanging activities involved in cooperation is seen more as a prerequisite for reaching cooperative 
action. This creates tension in inter-organizational settings where the traditionally administrative County 
Administrative Board is to cooperate with the more operationally weighted Region. R1 illustrates this challenge 
using an analogy from the perspective of an emergency medicine operational:  

I1.736.R1: information sharing is the case if I as a paramedic find a patient that needs to be 
carried over to an ambulance. I find the patient, I inform that I need to put this patient on the 
stretcher […] and I need to carry it over to the ambulance. And then, then we concretize that 
example and I tell the police and rescue services as they stand beside and watch “well that 
sounds difficult, let us know if you need (.) anything”.=Something like that. And watch me as a 
lone paramedic when the patient is on the ground. Cooperation, according to my definition, 
that is that the police or rescue service which also happens on an operative level grabs the foot 
end of that stretcher and help me carry the patient over to the ambulance. >Do you follow<? 
Then we have cooperated.  

The inference that inter-organizational cooperation needs to build from a common understanding of the goal and 
purpose of cooperation might seem obvious. Nevertheless, the results from this study suggest that this first step 
of establishing a boundary-crossing discourse is not only difficult, but recurringly forgotten about when entering 
a new cooperative context. This is not new information. The Civil Contingencies Agency has made a substantial 
attempt to mitigate this problem with a common document (MSB, 2018) for cooperative crisis response 
operations, building from a proposed common terminology. Despite expressing an appreciation for the document 
in terms of both content and intent, R3 was underwhelmed by the lack of implementation across organizations.  

I5.540.R3: And (.) what strikes me is that it is actually VERY FEW, 2019, 2020, 2021 that 
actually hold high positions that have the slightest idea what [Gemensamma Grunder] is. I find 
that quite interesting, especially-- say that a firefighter doesn’t know [Gemensamma Grunder] 
that, that I can accept. But a rescue officer that doesn’t know [Gemensamma Grunder] then we 
haven’t reached our goal.  

2 The results presented in this section are adapted from selected parts of a previously published M.Sc. thesis. For 
a more comprehensive account, see Herkevall (2021).  
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The consequence of failing to establish a common point of departure for cooperation seems to be that the involved 
organizations, rather than working together in a problem-solving manner, tend to become stuck in information 
sharing regarding the individual challenges of each organization in the current situation:  

I3.685.R2: you come to a meeting, you are from different organizations, you are there to solve 
a task and then everyone reports their situations and then you note that this was difficult. And 
then that’s about it. Because it is difficult to reach decisions. Because NOBODY commands 
over the other. 

Theme 2 – Inter-organizational Cooperative Structures 

This theme accounts for experiences of working in different types of inter-organizational structures during the 
Covid-19 pandemic. These structures differ in terms of purpose, involved actors, time frames, and tasks. All of 
these parameters have influenced the cooperative capacity and effectiveness of the various structures.  

Everyday Inter-organizational Cooperative Structures 

The first type of structure is characterized by continuously ongoing inter-organizational interactions during every-
day work. This is prominent with municipalities, where role- and function-specific networks have been formed 
for the exchange of learnings, resources, and need-based help.  

I2.175.M1: The health and welfare managers of all municipalities in the county (.) they are part 
of a health and welfare network. […] it may be about once a month every other week they meet 
but it intensified when the pandemic started (so that) they would learn from each other and help 
each other out 

Having boundary-crossing networks established in the everyday operations have proven valuable in managing the 
pandemic. Through these networks, communication paths and boundary-crossing discourses were in place already 
when the pandemic started, which in turn sped up the initiation of problem-solving activities significantly. 
Through the networks, municipalities have been able to co-create informational resources, exchange learnings 
and solutions, and provide each other with general support.  

I4.117.M2: And there cooperation over municipal borders have worked very well. In my 
opinion. And it is like the fact that you can work across municipal boarders in the different 
groups results in-- it is a success. And you could add that us medically responsible have a very 
close cooperation from earlier as well which I believe has been a great advantage for us, that 
we have a very good dialogue from before.  

Having inter-organizational cooperation established pre-crisis is, however, no guarantee for smooth crisis 
response. The Region cooperates with the municipalities on a day-to-day basis regarding municipal healthcare 
services. The municipalities employ nurses that provide healthcare at home to the chronically ill. When tasks arise 
that require doctors (e.g., prescription of medicine), the municipalities turn to the Region since they do not employ 
doctors in their own organizations. As such, an existing collaborative structure exists, but it is not as well 
functioning as the between-municipalities structures – something that has proved problematic during the 
pandemic.  

I3.615.R2: I mean it has been discussed repeatedly, primary care toward municipalities in the 
everyday but it works fine as long as you can sort of grind through it and it’s not, it’s not visible 
on a societal scale but on the individual level. In those cases you can sort of grind through it 
time and again. Haha it’s *been going for such a long time*, there’s something that’s gone 
askew. Well. That is something that is just, completely just it is so concrete and so, I mean it has 
consequences in a crisis. That is my biggest learning. You cannot have things in the everyday 
work that is fretting because it DOES NOT SETTLE during a crisis. It obviously gets a lot, lot 
more visible that we have something to work with here.  

For all intents and purposes, the every-day cooperative functions can be said to have maintained their structure 
during the pandemic. The primary difference has been an intensification of boundary-crossing activities. 

Preplanned Regional Inter-organizational Structures in the Crisis Response System 

As previously described in this paper, there is an inter-organizational structure with preplanned processes for 
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countywide cooperation in times of crises. This includes a host of actors, among which the County Administrative 
Board (CAB) has a summoning role, and thus it was expected of the CAB to initiate meetings in the county forum. 
However, from the perspective of the Region, the CAB stuttered a bit in taking their expected role until they 
received clarified instructions from the governmental level. 

I5.106.R3: I think the County Administrative Board have had a good and clear role in the 
everyday operations where they call to cooperative meetings […] But I think this failed a bit 
when the crisis came. It has become much clearer now but that was also because they got a 
government assignment as I said before. Then it became clear for the County Administrative 
Board.  

Turning to the perspective of the CAB however, this seems perfectly logical. Healthcare is not a part of the CAB’s 
regular mission statement. Thus, in response to (what was generally regarded as primarily) a healthcare crisis, 
their role was far from obvious in their own view.  

I6.527.CAB1: And on our part, […] it is usually said that the County Administrative Boards 
have something to do with everything (.) except healthcare and (.) education. All other sectors 
or other political areas are part of the County Administrative Board’s ordinary mission. […] 
so because of that (.) this whole health and welfare is pretty new to the County Administrative 
Board in terms of cooperation and having an active role as well.  

An additional challenge in this context can be understood as a consequence of all actors maintaining their decision-
making autonomy in full during crises. Part in this autonomy is deciding whom to send as representative in the 
cooperative forums, (often) resulting in a situation with skewed mandates represented in discussions. Since all 
agreements in the cooperative context needs to be approved at decision-making levels in the respective 
organizations to materialize in practice, these representative differences can have substantial consequences, as 
exemplified in the following account from R1: 

I1.788.R1: […] we actually together between municipality and the County Administrational 
Boards and the regions developed a suggestion […] to quickly establish a short term 
accommodation for cohort care of (.) positive Covid-patients that is those <infected with 
Covid> not in need of hospital care but where it maybe would suffice with municipal care but 
that was a clear example of when the people who prepared the work did not have sufficient 
mandate in their own organizations. Because when the top decision-makers heard the proposal 
they shot it down and said that “this question has been wrongly prepared”. And so a month 
passed and then someone else said “we should have short time accommodation for Covid-
patients”. […] “well we said that a month ago”. We could have had this accommodation up 
and running by now if we’d have taken that decision already back then.  

What R1 expresses above is a concrete example of a clash between the operationally focused regional crisis 
response staff and the bureaucratic managers of the municipalities. Another aspect of importance is suggested by 
CAB1 to be differences in crisis management experience.  

I6.501.CAB1: the cooperation that we have within the crisis preparedness field (and) that which 
is like agreed and (.) (trained) and such that is just one, one certain type of people that have 
been involved in that […] it is something that happens in parallel, that, that the regular 
operations usually never come in contact with 

The specific circumstances of the COVID-19 pandemic have forced full integration between everyday operations 
and crisis response, which in effect has placed decisions on crisis response in the hands of people with potentially 
no such previous experience or training. When faced with novel decisions in potential grey areas, there seems to 
have been a tendency to apply a risk aversive approach in relation to the risk of breaking bureaucratic rules and 
regulations.  

Emergent Cooperative Structures 

As illustrated, everyday cooperative structures and the crisis response forum act as foundations for activating 
crisis response. However, planned structures can only cope with a limited extent of variety. During the pandemic, 
the need for emergent structures in response to novel challenges have proven very high. These emergent structures 
have not been formed in isolation from the established structures, rather the ongoing structures act as platforms 
for identifying needs and possibilities for new cooperative structures.  
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I6.447.CAB1: So, I believe that we have been (.) have had to be much more pragmatic (.) 
regarding “well, now we need to cooperate around these questions. How do we do that in the 
best way?” […] we have had to depart from the agreed steps. To move forward in the event and 
it has been so-- the impact has been so severe if we fail.  

For the purpose of this report, emergent behavior is understood to be the effect of interactions between the 
constituent parts of a complex adaptive system. Based on the interviews, an understanding of how these 
interactions begin and develop into a new emergent structure can be illustrated in three steps. 

Identifying needs and possibilities for new structures. The first step is identifying current challenges that could 
and should be managed through new cooperative structures. This is one of the most important functions of the 
regional crisis coordination forums. However getting past mere communication to actually forming adaptive 
response structures is difficult. This is in part due to difficulties in seeing how different competencies can come 
together in solving a challenge.   

I6.268.CAB1: it has been a recurring discussion throughout this time=how (.) we could support 
the region and (.) the region maybe haven’t seen, that “well what could the County 
Administrative Board do”. 

Compiling the right competence. The next step is identifying the competencies that should be included in the 
specific function. This is exemplified in the establishment of the cooperative structure for vaccination in the 
county, where the constellation of representatives was altered early on to provide the needed competencies more 
accurately.   

I2.55.M1: No we are three for the county. […] [The county] have [10+] municipalities and we 
are 3 who represent all municipalities. And in the beginning I was alone and were to represent 
all municipalities together with a social director. But the first meeting I felt that “oh, we can’t 
have a social director involved we need more medically trained personnel” so I asked the social 
director to step back and we brought in two other [Medically Responsible Nurses] in the county 
so that we were three with the medical knowledge. 

A general experience is that keeping the size of task-specific groups small and trusting them to have the required 
competence to do their assigned job are important aspects. When the size of emergent structures is kept small, the 
experience is that this favors swift-footed response and decision-making compared to the larger established 
cooperative forums. Within the context of a complex adaptive system, this can be understood as allowing the 
smaller constituents of the system perform their respective expertise, thus achieving a better emergent outcome 
from the system as a whole.  

I1.1155.R1: […] My analysis is that minimizing the number of individuals and actors in 
meetings was a success factor. 

Solving the task. Following the identification of a novel task and the assembly of a suitable inter-organizational 
group, the task at hand needs to be operationalized and an action plan needs to be formed. With new structures 
being formed by actors from different organizations, finding a way to approach the problem becomes a question 
of finding a suitable solution within the operational frames of all involved organizations. The inter-organizational 
cooperative structures that have been forced to emerge in response to the pandemic have effectively illustrated 
the magnitude of the challenge of understanding the theories-in-use of the organizations with which you cooperate. 
Without bridging the discursive boundaries and thus constructing a common understanding of the prerequisites 
for actions, the emergent structure cannot solve the task it was formed in response to.  

I3.534.R2: <Long discussions and a lot of frustration> eh: that have resulted in that we have a 
better understanding of each other. And a large set of routines that have been continuously 
updated. Eh you have to write routines because there aren’t any in place for managing this so, 
so in dialogue you just try to find like (.) well, practical procedures for how to solve this. 

DISCUSSION AND CONCLUSION 

The objective of this paper was to understand understanding at the boundaries of inter-organizational crisis 
management – to account for different views of challenges in handling the Covid-19 pandemic, and by 
constructivist analysis identify challenges and possible learnings from these different accounts. This systems-
constructivist perspective carries the implicit assumption that adaptive crisis response cannot be solved solely by 
predetermining rules, roles, and technical support – in the end it comes down to interpersonal interactions. This 
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does not mean that preparedness in terms of standardized roles, communication paths and training is meaningless 
– quite the opposite. Predefined structures act as scaffolding for the production of emergent, adaptive response
structures by providing a predefined solution space without which the number of possible solutions would likely
be too overwhelming to get anywhere.

The concept of boundary discourse can be viewed not only as an analytical perspective on inter-organizational 
work, but also as a requirement for effective cooperation in inter-organizational work. Establishing functional 
inter-organizational structures can be regarded as a three-step process where boundary discourse plays a crucial 
role. Common for the three steps of establishing inter-organizational structures is that each step requires an 
updated boundary discourse involving (potentially) new individuals. First, a boundary discourse in relation to the 
ongoing crisis must be established such that the involved actors may identify cooperative needs and possibilities. 
Second, the boundary discourse must evolve so that the actors attempting to form a cooperative structure can 
identify the needed competencies for the structure in question. Last, the collaborative task group that is formed 
must establish a boundary discourse such that they can operationalize a response to the challenge in question. 

As an example from the reported empirical study, Figure 1 provides a simplified illustration of the primary 
cooperative partners and their relationships before and during the COVID-19 pandemic response. During the 
pandemic, a task-specific response structure emerged where new partners became involved, and old partners 
interacted in new ways. The colored dots represent the primary actors during the pandemic, and the smaller black 
dots on the right represent emergent structures that has arisen in response to pandemic-specific challenges. 

Figure 1. Simplified illustration of the county cooperative forum and some of the emergent cooperative structures 
that have been formed during the pandemic. 

Given that the pandemic was still ongoing at the time of conducting the interviews in this study, the state of utility 
of the structures in Figure 1 varied greatly. The interviews suggest that one of the major challenges in cooperation 
is to understand why people do, or do not, understand each other. In this paper, it is thus suggested that at the core 
of establishing a boundary-crossing discourse is the process of making the implicit explicit. This means making 
visible the various assumptions that representatives from different actors carry with them from their respective 
organizational contexts into an inter-organizational context. The interviewees expressed frustration regarding the 
challenge of understanding the theories-in-use (Argyris and Schön, 1996) applied by other organizations, 
something that limits the ability to take joint action. The basic understanding any individual holds about someone 
or something else shapes the way they communicate about things, which in turn will be re-negotiated with every 
interaction with others, creating an ever-ongoing cycle of re-interpretation and re-contextualization of discourse. 
This also explains the difference between assuming a common use of terminology and jointly defining and re-
defining meaning in use. This understanding must be established as the structures needed for conducting basic 
tasks such as sharing information, resources, and coordinating action emerge as a consequence of that 
understanding. The collaborative, communicative effort needed to achieve this is without exception time-
consuming. Given the time pressure of crises, this poses the question of how this cost of time might be minimized. 

While suitable for gaining insights into the problems of inter-organizational work, the interview method has 
limitations regarding the possibilities of studying the communicative practices that are effective in overcoming 

331 



Herkevall et al. Understanding Understanding at the Boundary 

CoRe Paper – Command & Control Studies 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

these issues. However, one aspect that seems to aid in reducing the costs of achieving understanding across 
boundaries is keeping inter-organizational groups small in size. One hypothesis is that fewer people more easily 
can establish a common discourse than a larger group. There may be less need to defend and preserve the 
differences that signify the own organization when not surrounded by one’s peers (Luhmann, 1982). Furthermore, 
each individual taking part in the boundary-crossing activity is likely to adapt to each other in an effort to create 
a discursive common ground for their work (Clark, 1996). The interviews also point to the importance of providing 
the right competencies for collaborative efforts. Similar professional competence provides a fundament for 
understanding, which may enable a more rapid convergence of perspectives (Linell, 1998).   

From the point of view of training for inter-organizational crisis response, a paradox emerges. On the one hand, 
there are obvious advantages of training and exercising for cooperation as the cost for establishing cross-boundary 
functions can be reduced. On the other hand, it is hard to predict what constellations of actors that are needed in 
a crisis situation. This study points to the difficulty of transferring successful collaboration from one context to 
another. The CAS perspective used in this paper suggests that the only viable solution to the paradox is to train 
for a general kind of cooperation. This more generic focus on inter-personal skills can be seen as a complement 
to exercising establishment of pre-defined structures for cooperation. How to train this boundary-crossing 
competence is an issue that deserves further investigation. However, it can be concluded that understanding other 
organizations’ rationale, structure, constraints and capabilities is fundamental. This can be taught by training, but 
is preferably appropriated through experience. The latter may however not be possible prior to a crisis and must 
be dealt with during the situation. This trade-off must be considered when designing inter-organizational exercises 
as well as training for inter-organizational cooperation.  
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ABSTRACT 

This paper presents an analysis of situation reports used and created by a crisis management team within the 
Swedish healthcare sector during the early phase of the COVID-19 pandemic. The analysis was conducted through 
a deductive content analysis, where categories were identified based on the concepts of common operational 
pictures, sensemaking, and situation awareness. In the analysis, support for all identified categories was found. 
Based on the analysis and the concepts, future recommendations regarding what type of information that ought to 
be included in situation reports were created. These recommendations include, amongst others, the categories of 
consequences, how it is perceived by the public, objectives, status and implications of information, future 
scenarios, actions, resources, and work procedures. 

Keywords 

Information sharing, crisis management, situation reports, COVID-19, command and control 

INTRODUCTION 

Information sharing between members of crisis management teams has been recognised as one of the key aspects 
of sufficient crisis management efforts (King, 2002; Reddy et al., 2009). This is because a satisfactory sharing of 
information contributes to a shared understanding of the crisis and a more adequate decision making based on 
available information (Uitdewilligen & Waller, 2018). For the past two years, information sharing within crisis 
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management teams has been an increasingly relevant issue due to the COVID-19 pandemic. 

In Sweden, COVID-19 became a public health issue on the 10th of March 2020 when the Public Health Agency 
of Sweden announced that the disease was being spread within the Swedish society rather than being limited to 
separate imported cases from abroad (The Public Health Agency of Sweden, 2020). This marks the beginning of 
the increasingly heavy flow of patients that would need to be hospitalised. Something which severely affected the 
twenty-one regional public healthcare systems (RPHS) of Sweden, which are the public organisations responsible 
for providing healthcare within their respective catchment areas. During the pandemic, most of the RPHS chose 
to declare the pandemic a Major Incident (The Corona Commission, 2021). When declaring a Major Incident a 
special crisis management team named the regional medical command and control system for disaster response 
(RMC2) is established, responsible for making relevant decisions and re-allocating the RPHS’s resources (The 
National Board of Health and Welfare, 2020).  

In this paper, a selected Swedish RPHS’s RMC2 during the beginning of the pandemic has been chosen to analyse 
a part of their information sharing. The part which has been chosen is the situation reports which were created 
daily by the RMC2 and shared with the hospitals of the RPHS and internally within the units of the RMC2. The 
situation reports contained information about the current state of the pandemic, how the pandemic affected the 
RPHS, actions taken by the RMC2, and the desired objectives. The situation reports were two to three pages. The 
purpose of this study is to analyse the selected RMC2’s situation reports created during the COVID-19 pandemic, 
and grounded in this analysis develop recommendations for how situation reports can be designed.  

THEORETICAL BACKGROUND 

The situation reports will be analysed using three concepts related to information sharing and situational 
understanding. The three chosen concepts are Sensemaking as described by Weick (1995), Situation Awareness 
as described by Endsley (1995) and Common Operational Pictures as described by the Swedish Civil 
Contingencies Agency (2018). Sensemaking and situation awareness are theoretically grounded concepts, 
whereas the common operational pictures concept as described by the Swedish Civil Contingencies Agency is a 
suggested standard for creating common operational pictures.  

Sensemaking 

Sensemaking has been described as the process of creating an understanding of what is occurring and has occurred 
in social contexts. Importantly, it has also been described as a retrospective and ongoing process driven by various 
forms of communication (Weick et al., 2005). To explain sensemaking more elaborately, Weick (1995) outlined 
seven prominent properties of the sensemaking process. The first property, Grounded in Identity Construction, 
emphasises that sensemaking is dependent on, and affected by, the identity an individual has, or takes, in a certain 
context. This implies that different understandings can arise depending on an individual’s identity and that 
individuals can have different identities in different contexts. The second property, Retrospective, describes that 
sensemaking is a retrospective process, indicating that current events will be applied a meaning retrospectively 
and that current events are understood through past experiences. The third property, Enactive of Sensible 
Environments, emphasises that sensemaking is a process affected by the environment, an environment which 
individuals are a part of creating through interactions. The fourth property, Social, describes that sensemaking is 
an inherently social process affected by all social interactions. The fifth property, Ongoing, emphasises that 
sensemaking is a constant process with no defined beginning or end. The sixth property, Focused on and by 
Extracted Cues, describes that an individual’s understanding of a situation is mainly constructed through specific 
parts of the environment due to most individuals explicitly focusing on parts that are deemed relevant. The seventh 
property, Driven by Plausibility Rather than Accuracy, emphasises that the understanding constructed by 
individuals is not necessarily an accurate understanding but rather an understanding which seems plausible.  

Situation Awareness 

Situation awareness describes how individuals understand and create an understanding of what is occurring in a 
given situation. There are plenty of different models describing how situation awareness is acquired and what it 
is, but the most cited model is the three-level model created by Endsley (O’Brien et al., 2020). Endsley (1995) 
describes situation awareness as a process divided into three distinct levels involved in creating an understanding 
of the current situation. The first level is Perception of Elements in the Environment. During this level, a first 
understanding of the environment is constructed. This is done through simple identification of relevant elements 
in the environment, something which also includes identifying the elements’ attributes and status. The second 
level is Comprehension of the Current Situation. This level is strongly connected to the first level, but rather than 
simply identifying elements in the environment it is during this level that the meaning of the identified elements 
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is constructed. The third level is Projection of Future States. During this level, the understanding of the situation 
is developed beyond apprehending what is happening at the moment. Instead, during this level a calculation of 
future possible developments of the situation is created based on the two previous levels. Furthermore, this level 
is also connected to decision making since decisions ought to be made based on what is believed to occur in the 
future. Additionally, all of the three levels are influenced by the objectives of the individual. This since the 
objectives will influence what is identified, how the identified elements are understood, and what is believed to 
occur in the future.  

Common Operational Pictures 

Common operational pictures, as described and used by the Swedish Civil Contingencies Agency (2018), is a 
concept describing the type of information that should be shared in crisis management. In their guidelines 
describing the type of information that should be included in common operational pictures, the Swedish Civil 
Contingencies Agency emphasises five general categories. These categories are incident, consequences, actions, 
resources, and involved actors. The category incident describes that information regarding the nature of the 
incident should be included. This includes information about what has occurred, what type of incident it is, the 
number of affected, how the incident can develop, and how it is portrayed and perceived by the media and the 
public. The category consequences emphasise that information of the incident’s consequences should be included. 
This includes immediate consequences, possible future consequences, and eventual spill-over effects. The 
category actions describe that information of actions taken and decisions made should be included. This includes 
actions and decisions that have already been taken or made and planned actions and decisions. The category 
resources emphasise that needed resources should be included, including both immediate and future resources. 
The category involved actors describe that all actors involved in the crisis management effort should be named in 
the common operational picture. It also states that information regarding any ongoing, or future needed, co-
operation should be included. This way of using common operational pictures is the approach recommended by 
the Swedish Civil Contingencies Agency. The Swedish Civil Contingencies Agency also emphasise that common 
operational pictures can be expressed through different media, for example in written reports or orally at staff 
briefings.  

METHOD 

The analysis of the situation reports was conducted using a deductive content analysis approach as described by 
Kyngäs and Kaakinen (2020). Situation reports from March 2020 were chosen for the analysis. In March the first 
situation report was created on the 14th and the last on the 31st, adding up to a total of sixteen created, and therefore 
analysed, situation reports. Situation reports from March were chosen due to them being created during the 
beginning of the pandemic, a period characterised by uncertainties and a sudden inflow of patients, which made 
the demand for information high.  

In the analysis, following the procedure described by Kyngäs and Kaakinen (2020), the situation reports were first 
read to acquire an understanding of their contents. Next, categories, and sub-categories, that would be used for 
the analysis were identified. The categories were identified based on the concepts of common operational pictures, 
sensemaking, and situation awareness. The categories are described in the results section. After the identification 
of the categories, the situation reports were read once again to find support for the identified categories. During 
this step, all words, paragraphs, and sentences that correlated with any of the identified categories were 
highlighted. Notes were also taken for the frequency of each category across the situation reports. 

The content analysis will be presented both quantitatively and qualitatively. For the quantitative part, the 
frequency of each category will be presented. For the qualitative part, excerpts from the situation reports will be 
presented and explained to demonstrate how the different categories were expressed in the situation reports. Since 
the situation reports were written in Swedish, all presented excerpts have been translated by one of the authors to 
English. 

RESULTS 

Common operational pictures, sensemaking, and situation awareness were identified as the three general 
categories for the deductive content analysis. For each of the three general categories, subcategories were 
identified. The subcategories were identified based on the three concepts as described in the theoretical 
background. Only subcategories that were deemed possible to find support for in the situation reports were used, 
i.e., some parts of the three concepts were not used in the content analysis. Each subcategory will be further
explained beneath separate headings in the presentation of the results.

The identified subcategories are shown in table 1, which also includes the frequency of the subcategories across 
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the sixteen analysed situation reports. 

Table 1.  The identified subcategories and their respective frequency 

Category Frequency 

Common operational pictures 

Expected development 16/16 

How it is portrayed and perceived 
by the media and the public 

5/16 

Immediate consequences 16/16 

Actions taken 16/16 

Planned actions 16/16 

Future consequences 8/16 

Involved actors and co-operation 15/16 

Needed resources 7/16 

Sensemaking 

Identities 16/16 

Retrospective 12/16 

Internal communication routes 16/16 

Information of special relevance to 
some individuals 

16/16 

Situation awareness 

Implication of information 14/16 

Status of information 16/16 

Potential future scenarios given the 
information 

6/16 

Objectives 16/16 

Common Operational Pictures 

The general category of common operational pictures contains eight subcategories. These subcategories are all 
derived from the different parts of the common operational pictures concept as described in the theoretical 
background. Each subcategory will be presented and explained separately, supported by excerpts from the 
analysed situation reports. 

Expected Development 

This subcategory emphasises that information of how the incident is believed to develop, based on what is 
currently known, should be included. 

In the situation reports, information categorised into this subcategory took different forms, but it was often 
expressed with the presented objectives. One recurrent example of this was information regarding the expected 
future temporary absence of personnel due to sick leave. An example of this is shown in the excerpt below from 
the situation report from the 14th of March. 
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Week 13 … 20 % absence of personnel. 

The excerpt above shows that already during the early stages of the pandemic information related to the expected 
development was emphasised, and in this case how the pandemic was expected to affect the RPHS and its 
personnel.  

Information categorised into this subcategory was also expressed in other contexts. One such example is shown 
in the excerpt below from the situation report from the 19th of March.  

The Unit for Communicable Disease and Infection Control 

estimates that we are now starting to see the peak number of 

cases. We can expect a slight increase of patients at 

intensive care units by the end of the week. 

The excerpt above was categorised into this subcategory because of its two constituent parts. The first part explains 
that the peak number of cases almost had been reached, something which indicates a decrease or plateau of cases 
as an expected development. The second part emphasises that partly because of this peak an increase in the number 
of patients at the intensive care units was expected.  

How it is Portrayed and Perceived by the Media and the Public 

This subcategory emphasises that information related to how the incident is portrayed and perceived by the media 
and the public should be included.  

Information that was categorised into this subcategory rarely explicitly referred to how the pandemic was 
portrayed and perceived by the media and the public. Instead, most of the information included in this subcategory 
emphasised that there was a large interest in the pandemic, and not how this interest was expressed. One such 
example is shown in the excerpt below from the situation report from the 14th of March. 

One press conference per week is considered enough in 

addition to daily updates of external information on the 

intranet.  

As can be seen, the excerpt above does not state how the pandemic was portrayed or perceived. However, it is 
possible to interpret the excerpt as a way of communicating that there was an interest in the pandemic from the 
media and the public. Furthermore, it also states how information was communicated to the media and the public. 

There are, however, other examples from the situation reports more clearly stating how the pandemic was 
perceived by the public. One such example is shown below from the situation report from the 20th of March. 

There are plenty of people taking photos at the hospital. 

The excerpt above partly emphasises how the pandemic was perceived by the public since it states that it caused 
curiosity which in turn caused some people to start taking photos of the provisional tents which had been set up 
outside one of the hospitals. 

Immediate Consequences 

This subcategory emphasises that information related to the immediate consequences of the incident and 
immediate consequences of actions taken should be included. 

Information categorised into this subcategory was presented in different contexts, but one prominent type of 
information within this subcategory included in most of the situation reports was information regarding the 
number of infected. One such example is shown below from the situation report from the 24th of March. 

A total of 176 individuals within the geographical region 

have tested positive for COVID-19. Two deceased during the 

weekend, a total of three deceased.  

The excerpt above states two immediate consequences as a result of the pandemic, the number of infected and 
deceased. This information, with updates, was presented in all of the analysed situation reports, something which 
also highlighted the development of the pandemic. 

Immediate consequences were also stated in other contexts. One such example is shown in the excerpt below from 
the situation report from the 17th of March. 
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Elective surgery for individuals above the age of 70 ought 

to be considered to be cancelled. 

The excerpt above shows an example of an immediate consequence of the pandemic affecting both the public and 
the RPHS. Regarding its effect on the public, it states that those above the age of 70 risked having their planned 
surgery cancelled as a result of the pandemic. Regarding its effect on the RPHS, it shows that one of the immediate 
consequences was that the RPHS had to re-allocate its resources by repositioning personnel, resulting in some 
types of healthcare being postponed. 

Actions Taken 

This subcategory emphasises that situation reports should include information about actions taken, which also 
includes decisions that have been made. 

Information categorised into this subcategory was often information about decisions made by the RMC2. One 
such example is shown in the excerpt below, from the situation report from the 17th of March. 

Active contact tracing has been stopped due to the disease 

spreading within the community. 

The excerpt above emphasises that the decision of stopping active contact tracing had been made. It also states 
the reasoning behind why the decision was made, namely that the disease at this point was widespread. 

Another example from this subcategory is shown in the excerpt below from the situation report from the 26th of 
March, where information regarding a new type of face mask was communicated. 

To save face masks a type that can be used multiple times 

will be introduced. It is important to emphasise the purpose 

of this mask to the employees. 

Just like the previous excerpt, the excerpt above states that a decision had been made and why it was made. 
Furthermore, it also states that further information of the mask’s purpose had to be communicated to the end users. 

Planned Actions 

This subcategory emphasises that rather than only including information about actions taken, planned actions 
should also be included.  

Information that was categorised into this subcategory was often found together with information about the 
objectives. One such example is shown in the excerpt below, from the situation report from the 17th of March. 

Create the capacity during week 14 to care for patients 

according to the predefined pandemic preparedness plan. 

The excerpt above states that a planned action was to create a capacity to care for patients according to the 
predefined pandemic preparedness plan. However, this can also be interpreted as an objective, where the capacity 
is the objective and the actions necessary to reach the objective are the planned actions. The excerpt can also be 
interpreted as expressing a future possible development, where it was expected that during week 14 the number 
of patients would require the pandemic preparedness plan to be fully activated. 

Information categorised into this subcategory was also found in other contexts. One such example is shown in the 
excerpt below, taken from the situation report from the 24th of March. 

Routine and communication regarding employees that have 

recovered from COVID-19 will be developed and communicated 

shortly. 

The excerpt above shows two planned actions. First, to develop the routines for communication, and second, to 
communicate these routines to those it concerned. It is quite different from the earlier excerpt, something which 
emphasises the extent of the pandemic.  

Future Consequences 

This subcategory emphasises that future potential consequences should be included in situation reports. This 
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includes future consequences as a result of the incident and consequences due to actions taken. 

Most of the information categorised into this subcategory was related to potential future consequences associated 
with the use and consumption of personal protective equipment. One such example is shown in the excerpt below 
from the situation report from the 22nd of March. 

It is of the utmost importance that all employees understand 

why it is important to follow the hygiene routines (that the 

right equipment is used based on the type of work that is 

conducted). The routines are created for the safety of the 

employees and the patients BUT they are also connected to 

the current equipment situation. Everybody has to be aware 

that there is no unlimited supply of equipment. 

The excerpt above was categorised into this subcategory because it emphasised potential future consequences if 
the hygiene routines were not followed, namely that it could harm the patients and the employees, and result in a 
potential shortage of equipment. 

Other examples from this subcategory include potential positive consequences of actions taken. One such example 
is shown in the excerpt below from the situation report from the 26th of March. 

The introduction of the face mask that can be used multiple 

times can cover up to 80 % of the consumption of personal 

protective equipment. 

The excerpt above emphasises that a future consequence of introducing a new face mask was that it could cover 
a substantial amount of the total consumption of personal protective equipment. 

Involved Actors and Co-operation 

This subcategory emphasises that involved actors and co-operation should be included in situation reports. This 
includes both ongoing and future co-operation. 

In the situation reports, information of involved actors and co-operation was often stated in the same paragraphs 
or sentences. One such example is shown in the excerpt below from the situation report from the 16th of March. 

A national review of resources has been requested to the 

National Board of Health and Welfare. 

The excerpt above emphasises that the National Board of Health and Welfare, a government agency, was an 
involved actor. Furthermore, it also emphasises that a request for future co-operation had been sent to the agency 
in form of reviewing the availability of resources nationally. 

Besides co-operation with government agencies, co-operation with municipalities, who are responsible for the 
elderly care, was also included in the situation reports. One example from the situation reports of how co-operation 
with the municipalities was portrayed is shown in the excerpt below from the situation report from the 30th of 
March. 

Prioritised tasks: … co-operation between the regional 
public healthcare system and the municipalities. 

The excerpt above emphasises that the municipalities were involved actors and that the co-operation with them 
was seen as a prioritised task. 

Needed Resources 

This subcategory emphasises that information about needed resources should be included in situation reports, 
which refers to both immediate and future resources. 

Information that was categorised into this subcategory mostly included statements regarding needed personal 
protective equipment and personnel. One example of the latter is shown in the excerpt below from the situation 
report from the 15th of March. 

The Unit for Communicable Disease and Infection Control has 

to be strengthened with additional competencies. 

340 



Björnqvist et al. An Analysis of Situation Reports 

CoRe Paper – Command and Control Studies 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

The excerpt above emphasises that a particular unit, in this case the Unit for Communicable Disease and Infection 
Control, had to be strengthened with additional personnel with the right competencies due to the increased 
workload.   

Sensemaking 

Similar to how subcategories were identified for the general category of common operational pictures, 
subcategories were also identified for the general category of sensemaking. Compared to common operational 
pictures, a concept specifically created to be used when sharing information in crisis management teams, 
sensemaking is a more theoretical concept. This created the need of interpreting which parts of sensemaking that 
would be meaningful and possible to apply to the contents of the situation reports. This interpretation resulted in 
four identified subcategories, all relating to the different properties of sensemaking as described in the theoretical 
background. The identified subcategories will be further explained beneath their separate subheadings.   

Identities 

This subcategory derives from the property of sensemaking emphasising that the identity an individual has, or 
takes, will influence how a situation is understood. Related to the situation reports, this subcategory was evident 
through information that in some ways emphasised eventual identities amongst those working within the RMC2 
or the RPHS, for example by providing information of how work was conducted. One such example is shown in 
the excerpt below from the situation report from the 19th of March. 

The creation of a common operational picture regarding 

critical material that is not related to the current hygiene 

routine and an analysis of the needs in the short- and long-

term perspective is an ongoing process.  

The excerpt above was categorised into this subcategory since it emphasises how work was conducted by stating 
that the creation of common operational pictures and analyses of both the short- and long-term perspective was a 
part of how the RMC2 worked. By stating how work was conducted it is possible that the readers were able to 
form identities matching the way of work.  

Another, and quite different, example from this subcategory is shown in the excerpt below from the situation 
report from the 25th of March. 

The HR department recommends that no vacations should be 

granted currently. Information will be sent to affected 

supervisors but the information will also be published on 

the intranet. 

The excerpt above was categorised into this subcategory since it was thought that it could have been interpreted 
in a manner affecting the readers’ identities. This is because it, to some degree, emphasises that the work related 
to the pandemic was of such importance that all personnel were needed and therefore were important. 

Retrospective 

This subcategory derives from the property of sensemaking stating that it is a retrospective process. Related to the 
situation reports, information categorised into this subcategory were often sentences or paragraphs where it was 
stated that interpretations of the situation had changed, or stayed the same, compared to previous situation reports. 

A concrete example of this subcategory is shown in the excerpt below from the situation report from the 19th of 
March, where the context is that elective surgery for those above the age of 70 can be cancelled. 

Otherwise, no major decisions have been made regarding what 

should/could be cancelled. The aim is to have as much as 

possible up and running given the available resources. We 

need to make daily decisions together based on strategic 

considerations. 

The excerpt above was categorised into this subcategory because it emphasises that daily decisions were made 
based on available resources, something which indicates that all decisions also could be changed retrospectively 
if the development of the situation so required.  
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Two other examples showing how the situation reports included retrospective reinterpretations are shown in the 
excerpts below from the situation reports from the 17th and 18th of March. 

Personnel with symptoms should be tested within 6 hours and 

be prioritised for analysis and given an answer within 24 

hours. 

Current recommendation: Prioritised healthcare staff showing 

symptoms should be tested. (new routine). 

These two excerpts, and in particular the second one, were included since they show that reinterpretations and 
new decisions were made retrospectively. In this case, since the first excerpt states that all personnel should be 
tested, something which was changed retrospectively in the second excerpt which states that only prioritised 
healthcare staff should be tested.  

Internal Communication Routes 

This subcategory derives from the property of sensemaking stating that it is a social process, predominantly 
occurring through communication. For this study it was modified into the subcategory internal communication 
routes, meaning that information regarding internal communication routes should be included in the situation 
reports. This is because one way of making it possible for individuals to create an understanding through social 
processes ought to be by stating how they can further communicate with each other besides the situation reports.  

One example of how the situation reports emphasised internal communication routes is shown in the excerpt 
below from the situation report from the 20th of March, where it is stated how the RMC2 communicated with the 
hospitals of the RPHS. 

Report of the number of hospitalised patients should be 

delivered daily at the 11.20 meetings. 

The excerpt above states how the RMC2 and the hospitals communicated, and what was expected during these 
meetings.  

Another example of this subcategory is shown in the excerpt below from the situation report from the 23rd of 
March. 

Questions regarding material should be asked by calling 

[phone number]. 

This excerpt was categorised into this subcategory since it emphasised how internal communication related to 
material should be conducted, where the phone number refers to a specific unit of the RMC2.  

Information of Special Relevance to Some Individuals 

This subcategory derives from the property of sensemaking stating that it is a process focused on and extracted 
by cues. To make it applicable to the situation reports it was modified into information of special relevance to 
some individuals, which means that information categorised into this subcategory, for example, stated that some 
parts of the situation reports were of special relevance to some of the readers. Something which would make it 
possible for those affected to focus on cues relevant to their creation of an understanding.  

One example of information categorised into this subcategory is shown below, taken from the situation report 
from the 24th of March. 

Mobile testing station testing residents of the 

municipalities’ retirement homes have been established. Back 
in operation weekdays from Monday 23/3 8.00-16.00. 

This excerpt was categorised into this subcategory since it was of particular relevance for those who worked with 
testing and co-operation with the municipalities, while it offers little information of the pandemic in large.  

Situation Awareness 

Similar to how subcategories were identified for the general categories of common operational pictures and 
sensemaking, subcategories were also identified for the general category of situation awareness. These 
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subcategories derive from the different aspects of situation awareness as described in the theoretical background. 
Just like sensemaking, situation awareness is more of a theoretical concept compared to common operational 
pictures, something which required interpretations of how, and which of, the different aspects that could be applied 
to the contents of the situation reports. This resulted in four subcategories which will be presented and described 
separately.  

Implication of Information 

This subcategory derives from the second level of situation awareness stating that elements of the environment 
also have to be understood rather than simply identified. Related to the situation reports, information was 
categorised into this subcategory if implications of information were stated.  

One example of this subcategory is shown in the excerpt below from the situation report from the 24th of March. 

Priorities: Support has been sent to the hospitals regarding 

how to prioritise. Support can also be given by the analysis 

group in the RMC2. Support for which type of care that can 

be cancelled. 

The excerpt above does, as it stands, not state any implications regarding the care that could be cancelled. 
However, it does state where implications of this could be found, namely through the support documents that had 
been sent to the hospitals, or through contacting the analysis group, something which makes it suitable in this 
subcategory.  

There are, however, other examples from the situation reports more clearly stating the implication of information. 
One such example is shown in the excerpt below from the situation report from the 27th of March. 

Intermediate care is another priority, i.e., care of 

patients who do not require hospitalisation. 

This excerpt was categorised into this subcategory since it emphasises the implication of the information. In this 
case that intermediate care refers to patients who do not need hospitalisation. 

Status of Information 

This subcategory derives from the first level of situation awareness stating that elements in the environment have 
to be identified, including their status. Related to the situation reports, information was categorised into this 
subcategory if the status of information was included, for example by stating what characterised the information. 

 One such example is shown in the excerpt below from the situation report from the 20th of March. 

Ensure the availability of material: (prioritised issue). 

This excerpt was categorised into this subcategory since it emphasises the status of the information, namely that 
ensuring the availability of material was a prioritised issue. 

Another example of this subcategory is shown in the excerpt below from the situation report from the 19th of 
March. 

A total of 80 (around 40 new) (preliminary information) 

individuals within the geographical region have tested 

positive for COVID-19. 

This excerpt was categorised into this subcategory since it emphasises what characterised the information, in this 
case referring to that it was preliminary information that could be changed waiting for confirmation.  

Potential Future Scenarios Given the Information 

This subcategory derives from the third level of situation awareness stating that rather than only identifying and 
comprehending objects in the environment, a future potential scenario should also be calculated based on the two 
previous levels. Related to the situation reports, information was categorised into this subcategory if potential 
future scenarios were presented in close relation to other information. 

One example of this subcategory is shown in the excerpt below from the situation report from the 26th of March. 

343 



Björnqvist et al. An Analysis of Situation Reports 

CoRe Paper – Command and Control Studies 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

A premise at the intensive care unit has been identified for 

cohort care, which would increase the capacity. 

The excerpt above was categorised into this subcategory since it states a potential future scenario, the increase of 
capacity, given the information that a premise for cohort care had been identified at the intensive care unit. 

Objectives 

Unlike the other subcategories, this subcategory does not derive from a specific level of situation awareness. 
Instead, it is derived from the concept in large since it is stated that objectives will affect situation awareness 
across all three levels. 

In the situation reports, the objectives of the crisis management effort were included repeatedly with small 
adjustments as time progressed. Two examples of how the objectives were stated are shown in the excerpts below 
from the situation report from the 18th of March. 

Week 15. 110 + 30 patients at intensive care units. 

A minimal number of infected personnel and patients within 

the hospitals and the primary care. 

The two excerpts above state two separate objectives. The first excerpt states the objective to during week 15 
increase the capacity of the hospitals. The second excerpt states the general objective of limiting the spread of 
COVID-19. 

DISCUSSION 

Support was found for all of the identified subcategories in the analysed situation reports, while some 
subcategories were more frequent. This indicates that the chosen concepts of common operational pictures, 
sensemaking, and situation awareness are suitable when analysing situation reports, and therefore can be used 
when deciding what type of information that should be included in situation reports. The fact that some 
subcategories were less frequent than others does not necessarily indicate that the situation reports were of bad 
quality since it is possible that the type of information correlating with those subcategories was deemed to not be 
necessary to communicate when the reports were written.  

Since common operational pictures, as described by the Swedish Civil Contingencies Agency, is a concept 
specifically developed to guide which kind of information that ought to be shared in crisis management teams, it 
was uncomplicated to use its different parts in the analysis. This indicates that the concept is suitable when 
analysing or evaluating situation reports and other forms of information sharing within crisis management teams. 
The fact that support for all of the subcategories of common operational pictures were found in the situation 
reports also indicates that the RMC2 were aware of the concept and, to some degree, used it when creating the 
situation reports. 

Sensemaking and situation awareness, however, are two theoretical concepts, not naturally linked to information 
sharing within crisis management teams or situation reports. This made it necessary to choose some parts of those 
concepts that were thought to be applicable to the contents of the situation reports, as well as interpretations of 
how those parts could be expressed in text. The choice of these two concepts for this study could therefore be 
questioned. However, as previously mentioned, all of the identified subcategories were possible to find support 
for in the analysed situation reports. Something which indicates that even though sensemaking and situation 
awareness usually are applied in other contexts, they might be helpful when developing and analysing information 
sharing. It should also be noted that it is not possible, based on this study, to make any conclusions of how those 
working within the RMC2 made sense of their surroundings or developed understandings based on the situation 
reports, since that would require different methodological approaches. The methodological choice of a deductive 
content analysis did, however, serve well given the purpose of this study. However, it is possible that other 
researchers would have interpreted the subcategories differently, and even identified other subcategories, 
something which would have affected the results.  

Future Recommendations 

Based on the analysis it is possible to offer a set of recommendations regarding what type of information that 
ought to be included in, situation reports. The recommendations are divided into the subcategories from the 
analysis and will be explained based on the theoretical concepts they are derived from and on how they were 
expressed in the situation reports as shown in the presented excerpts in the results section. The recommendations 
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will naturally overlap to a large degree with the concept of common operational pictures as described by the 
Swedish Civil Contingencies Agency (2018). This is because the concept clearly states information that is of value 
to communicate within crisis management teams, a communication that can take the form of situation reports. All 
of the presented recommendations will not be relevant for all incidents, but the recommendations ought to be used 
when deemed relevant. However, the situation reports analysed in this study indicates that all recommendations 
ought to be used during long duration crises such as the COVID-19 pandemic. Some of the recommendations 
specify what kind of information that should be included in situation reports, while some specifies how 
information should be expressed. The recommendations specifying what kind of information that should be 
included can be seen as a suggested structure for situation reports, where the category can be stated in one column 
and the corresponding information in another column — similar to the structure in table 2, where all of the 
recommendations are shown. Not included in the table, but obviously important to include in situation reports is 
information related to what type of incident it is that has occurred.  
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Table 2. Future recommendations for situation reports 

Category Explanation Origin 

Expected development Information about how the incident is expected to develop given what is 
currently known. Potential consequences of the expected development should 
also be stated. It is advantageous if it is stated why the incident is expected to 
develop as described.  

Common Operational Picture, 
expected development 
subcategory 

How it is portrayed 
and perceived by the 
media and the public 

If it is of relevance to the crisis management efforts, information about how the 
incident is portrayed and perceived by the media should be included. Information 
on how to communicate with the media and the public should also be included. 

Common Operational Picture, 
how it is portrayed and 
perceived by the media and the 
public subcategory 

Immediate 
consequences 

Information about the immediate consequences of the incident and actions taken. 
Includes immediate consequences affecting the own organisation, the public, and 
society. 

Common Operational Picture, 
immediate consequences 
subcategory 

Actions taken Information about actions taken due to the incident, which also includes 
decisions that have been made. It should also be stated why the actions have 
been taken. 

Common Operational Picture, 
actions taken subcategory 

Planned actions Information about actions that are planned to be taken in the future, and why 
they are planned. 

Common Operational Picture, 
planned actions subcategory 

Future consequences Information about potential future consequences of the incident, including both 
long and short term. Can also be linked to several of the other categories, where 
potential future consequences, for example, can be stated with actions taken. 

Common Operational Picture, 
future consequences 
subcategory 

Involved actors and 
co-operation 

Information about the actors involved in the crisis management efforts should be 
included. Ongoing, and possible future needed, co-operation with other involved 
actors should also be included.  

Common Operational Picture, 
involved actors and co-
operation subcategory 

Needed resources Information about resources that might be needed as a result of the incident. Can 
be linked to several of the other categories, where needed resources, for example, 
can be stated with expected developments. 

Common Operational Picture, 
needed resources subcategory 

Internal 
communication routes 

Information of internal communication routes should be included in the situation 
reports. Can, for example, be stated with other information where it is declared 
where further questions should be directed. 

Sensemaking, internal 
communication routes 
subcategory 

Objectives Information about the objectives of the crisis management effort should always 
be included.  

Situation Awareness, objectives 
subcategory 

Retrospective 
reinterpretation 

If possible, every situation report should clearly state if any retrospective 
reinterpretations have been made.   

Sensemaking, retrospective 
subcategory 

Work procedures When it is deemed appropriate, information about how work is conducted within 
the crisis management team ought to be included. This is to further create an 
understanding amongst the readers of how the crisis is managed. Can be linked 
to several other categories, where work procedures can be mentioned with, for 
example, how future consequences were calculated. 

Sensemaking, identities 
subcategory 

Information of special 
relevance to some 
individuals 

If deemed appropriate it should be stated if some information is of special 
relevance to some individuals based on their roles. Can be linked to other 
categories, where it, for example, is mentioned that a future consequence is of 
special relevance to some roles. 

Sensemaking, information of 
special relevance to some 
individuals subcategory 

Implication of 
information 

Mostly related to the other categories and refers to that when information is 
stated in the situation reports, the implication of that information should also be 
stated. 

Situation Awareness, 
implication of information 
subcategory 

Status of information Mostly related to other categories and refers to that when information is stated in 
the situation reports, the status of the information should also be stated. Can for 
example be manifested by stating that something is prioritised or preliminary. 

Situation Awareness, status of 
information subcategory 

Potential future 
scenarios given the 
information 

All information that is stated may also include potential future scenarios given 
the information. This should be done to avoid different interpretations of future 
scenarios amongst the readers. 

Situation Awareness, potential 
future scenarios given the 
information subcategory 
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CONCLUSIONS 

In March 2020 when COVID-19 created a large inflow of patients to the hospitals, plenty of Swedish RPHS 
declared the pandemic a Major Incident, resulting in the establishment of RMC2. In this study, the situation reports 
from one selected RMC2 during March 2020 were analysed. The analysis was conducted through a deductive 
content analysis with categories identified from the concepts of common operational pictures, sensemaking and 
situation awareness. The content analysis showed that support for all categories was evident in the analysed 
situation reports. Based on the concepts and the results from the content analysis, future recommendations 
regarding what situation reports should include were created. These recommendations can be used as guidelines 
during future incidents. Future studies should aim to further develop and test the usability of the recommendations. 
To test the usability of the recommendations, and to determine the relevance of each category, future studies 
should focus on interviewing crisis management practitioners used to creating and utilizing situation reports, 
where they are given the opportunity of expressing their views on the matter. Future studies should also study the 
role situation reports have amongst members of crisis management teams when creating an understanding of 
crises. 
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ABSTRACT 

The COVID-19 pandemic has had a global impact om society. Different countries and organizations have chosen 
different approaches to manage this crisis. This paper aims to describes how public Swedish actors (county 
administrative boards, municipalities, and regional councils) evaluated their management of the COVID-19 
pandemic. Also, the paper aims to suggest improvements for crisis management strategies.  

Applying a meta-evaluation approach to open reports from the public organizations means collecting evaluation 
reports, determining if they fit the inclusion criteria, and if so, include them in the analysis. Included reports were 
categorized and given points indicating different types of merits. In addition, a thematic analysis of conclusions 
was conducted.  

110 evaluation reports from 98 different organizations are included in the analysis. The importance of evaluating, 
having a structure for data collection, analysis, and reporting is reflected in the quality of the reports. Four 
identified themes offer an understanding of areas in need for development among Swedish regional councils, 
municipalities, and county administrative boards. 

Keywords 

COVID-19, crisis management, meta-evaluation  

INTRODUCTION 

Starting in late 2019 and early 2020, a specific type of crisis has affected the entire world, namely the pandemic 
caused by Coronavirus Disease 2019 (COVID-19). An epidemic is defined as an outbreak of a disease threatening 
the health of inhabitants within a specific community or part of the world. A pandemic, on the other hand, is an 
epidemic affecting larger parts of the world, crossing international borders, and threatening the health of a larger 
population (Porta, 2014). These types of disease outbreaks have affected mankind since the early days of our 
species (Fohm, 2019; Roychoudhury et al., 2020).  

In Sweden all counties (21), regional councils (21), and municipalities (290) were, and continue to be, affected 
by the COVID-19 pandemic. The counties vary in both population (between 2 408 360 to 61 031 persons) and 
size (between 97 239 km2 to 2 391 km2). The counties are the geographic subdivisions of Sweden. The county 
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administrative board govern local state administration, which is not assigned to other government agencies, and 
coordinate political goals. During crises, the county administrative boards are mainly responsible for coordinating 
the response within the county. Geographically, the counties and the regional councils are identical. The regional 
councils are, however, self-governing local authorities. The regional councils are responsible for public 
healthcare, public transport, and regional growth. Out of the 21 regional councils, 7 are organized with a university 
level hospital.  

The municipality sizes vary between 20 551 km2 to 8.8 km2, whereas the population sizes vary between 977 345 
to 2 380 persons. The Swedish municipalities are lower-level self-governing local government and geographical 
entities. They are responsible for local services, for example emergency services, schools, physical planning, and 
nursing homes. 

The COVID-19 pandemic in Sweden 

During the early spring of 2020, COVID-19 rapidly started to spread within Sweden. The first case of COVID-19 
was discovered on the 31st of January 2020 in Region Jönköping County. Early March the Public Health Agency 
of Sweden (Fohm) detected signals indicating that COVID-19 had started to spread within Sweden. On the 11th 
of March the Swedish government restricted public gatherings to a maximum of 500 participants to control the 
spread of COVID-19. Around the same time, COVID-19 also started to rapidly spread among elders at Swedish 
nursing and retirement homes, first detected in Region Stockholm and Region Västra Götaland (The Corona 
Commission, 2020). During the pandemic, the disease has shown an uneven spread within Sweden where some 
counties have had higher rates of infections throughout the different waves. For example, during the spring of 
2020 Stockholm County registered 8.1 dead per 10 000 inhabitants, while Skåne County registered 1.2 dead per 
10 000 inhabitants.  

Swedish crisis management 

Weick (1988) defines a crisis as an improbable event with the potential of harming an organization’s operations 
and its goals. Swedish crisis management is governed by three principles providing guidance: the responsibility 
principle, the similarity principle, and the proximity principle (Harbom, 2010). The responsibility principle means 
that agencies or other organizations, responsible for certain kinds of operations during non-crisis times are 
responsible for the same operations during crisis. The similarity principle means that agencies, or other involved 
organizations, should not change their operations or location during a crisis if it is not absolutely needed. The 
proximity principle signifies that a crisis should be dealt with at the lowest level of the public actor. In addition, 
health care is directed by the National Board of Health and Welfare, and concerning epidemics and pandemics, 
the Swedish expert agency is the Public Health Agency of Sweden. During the COVID-19 pandemic, both 
national agencies, county administrative boards, regional councils, and municipalities established crisis command 
and control structures to handle the pandemic and the consequences it led to. In their efforts to show that they had 
handled the disturbances and addressed it correctly, or to learn from their crisis management, many evaluated 
their work.  

Evaluation 

An evaluation refers to a systematic examination of a measure of value and significance (Rossi, Lipsey, & 
Freeman, 2003; Gregory & Jackson, 1992; MSB, 2011). Evaluating how an event was evaluated and reported 
can be done using a model by Sandberg and Faugert (2020) who suggest that a report should be assessed 
examining validity, reliability, usefulness, use of ethical principles, and cost-efficiency. Searching scientific 
databases (Scopus, Web of science, and PubMed) with the terms “meta”, “evaluation”, and “COVID-19”. The 
search results concerned medical diagnosis, medical approaches, testing etc. No results regarding meta-
evaluation of how the crisis had been handled were found. 

Purpose 

This paper aims to describe how the public actors (county administrative boards, municipalities, and regional 
councils) evaluated their management of the COVID-19 pandemic. Also, the paper aims to suggest improvements 
for crisis management strategies. 

The meta-evaluation examines what types of evaluations were conducted, what content the evaluation reports 
included, if the evaluation reports were scientifically grounded, and what type of conclusions were drawn.  

METHOD 
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Meta-evaluation 

In this paper a meta-evaluation can be viewed as a meta-analysis of the collected evaluation reports, which are 
then combined and analyzed. In the present study, the meta-evaluation is concerned with how different actors 
evaluated how the COVID-19 pandemic was managed. This is a secondary research method (Church, 2002), 
which utilizes primary sources as data for analysis. The outcome of a meta-evaluation can be affected by several 
factors, including deciding how to search for studies, inclusion criteria, incomplete data, method and criteria for 
analyzing the data, etc. (Walker, Hernandez, & Kattan, 2008).  

Data collection 

The reports on evaluations of how the county administrative boards, municipalities, and regional councils had 
handled the COVID-19 pandemic were collected systematically in two ways. One was using Google search 
engine using the terms evaluation and corona/covid-19 together with the name for each county administrative 
board, municipality, and regional council. The second way was sending emails to official email addresses for 
every county administrative board, municipality, and regional council, a total of 331 organizations. A first 
request was sent between the 13th and 24th of September 2021. A reminder was sent 8 weeks later.  

Analysis 

Inclusion criteria used was that a report either: A) would have the term “Corona”, “COVID-19”, “Pandemic”, or 
“Evaluation” included in the title. B) That the report concerned evaluation of the organization’s handling of 
COVID-19. Or C), it was a audit report regarding the organization’s handling of COVID-19.  

The analysis was carried out in three steps. Firstly, basic information about the evaluations were collected. This 
included information regarding scientific structure, theoretical approaches, methodological choices, period of 
analysis, organization responsible for conducting the evaluation, organization targeted by the evaluation, type of 
evaluation, and number of individuals included during the data collection. 

Secondly, every evaluation report was classified according to Sandberg and Faugert’s (2020) 19 assessment 
criteria for meta-evaluation. These criterion included yes or no questions related to purpose, context, target of 
evaluation, data collection methods, the role of specific research questions related to the purpose, limitations, 
analysis methods, data sample, information sources, quality and relevance of information, the role of the 
evaluator, evaluation process, quality control of data, readability, clearly stated results, whether the evaluation is 
complete, interpretations of results, structure, and fulfillment of requirements. Based on this system each report 
could be assigned a maximum of 19 points. Assessment criteria for use of ethical principles, and cost-efficiency 
were excluded. Ethical principles were removed as they were not relevant in this context. Cost-efficiency was 
also removed since the information was not available.  

Thirdly, based on the evaluations’ conclusions and proposed actions for the future, a thematic analysis (Braun & 
Clarke, 2006) was conducted. It was conducted with the purpose of exploring, examining, and summarizing the 
evaluations’ conclusions to identify the different organizations’ most important findings related to what 
characterized the management of the pandemic and how the experiences from the pandemic can be used to 
better prepare for and manage future crises. The thematic analysis included 108 of the 110 reports. This because 
two of the evaluation reports did not include any conclusions. 

RESULTS 

A total of 220 documents were collected, 35 via Google search and 185 via contacting county administrative 
boards, municipalities, and regional councils.  

The answers from the different county administrative boards, municipalities, and regional councils were 
categorized into one of four categories: 

• Category A: Material received 

• Category B: An evaluation is ongoing 

• Category C: Has no evaluation 

• Category D: Evaluation was classified and would not be shared 

The reports in Category A are presented in Table 1. The included reports were then combined with 35 reports 
identified from Google search.  
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Table 1. Overview of requested/found evaluations. 

 County 
administrative 

boards 

Municipals Regional councils 

Received 
material 

14 156 15 

Classified  
(not included) 

0 2 1 

Ongoing 
evaluation 

4 31 5 

No evaluation 2 43 0 

Included 13 (12)* 79 (72)* 18 (14)* 

* Number of organizations included is seen within parenthesis.  

After duplicates had been removed, 45 submitted evaluations were excluded. Most exclusions were due to not 
fulfilling the inclusion criteria, hence the material that was submitted was not seen as an evaluation (could 
instead be a preparedness plan or mapping of events).  

In total, 110 evaluation reports were included from 98 organizations. Only two counties had no representation in 
the data, in neither county administrative board, municipality, nor regional council level (see Figure 1). Most of 
the included material was evaluations (76%). 12% were revision reports reviewing if the actor had fulfilled their 
legal obligations. The remaining 12% used other labels, for example presentation, survey presentation, follow-
up, or pilot study. 15% of the reports were composed by researchers. Two reports were written in English, the 
rest were written in Swedish. 26% of the evaluation reports used a scientific reporting structure. 73% of the 
reports included proposed measures for improvement. 36% of the reports visualized the course of events clearly.  

 
Figure 1. Map presenting where data was found on either county, municipality, or regional council level. 
For the two areas in grey no evaluation reports were presented on any level. The borders represent the 21 
counties of Sweden. (A modified version from Lokal_Profil, CC BY-SA 2.5, 
https://commons.wikimedia.org/w/index.php?curid=10214629)  
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When the request for evaluation reports was sent out, approximately 18 months had passed since Sweden was 
first affected. What period the evaluation reports covered could be understood from 93% of the evaluation 
reports. On average the evaluations covered 271 days. In Figure 2 the number of selected actors that were being 
evaluated during a certain month is presented.  

 
Figure 2. Number of evaluation reports for each month. 

All but one report was requested by county administrative boards, municipalities, or regional councils. One 
evaluation report was requested by the Swedish Armed Forces. 62% of evaluation reports requested by a county 
administrative board were conducted by the county administrative board itself. 34% of the municipalities’ 
evaluation reports were done by the municipalities, and 44% of the evaluation reports requested by regional 
councils were done by the regional councils. Reports by external authors were written by private companies 
(mostly consultant firms or audit firms), governmental agencies, or non-profit-organizations. 37% of the 
evaluation reports were conducted by the organization that requested the evaluation (internal evaluation). 56% 
were conducted by private companies (external evaluation). The remaining 7% were conducted by a university 
or public research institute (external evaluation). When comparing these internal evaluations with external 
evaluations regarding meta-evaluation points there is a significant difference (F(1, 108)=31.0, p<.0001). 
Organizations that conducted evaluations of their own management yielded a lower point (M=10.1, SD=5.0), 
whereas external actors evaluating an organization got higher points (M=14.0, SD=2.4).  

The evaluators used different methods to collect data about how the evaluated organizations had handled the 
pandemic. 76% had used interviews, 59% had analyzed documents, 40% had used surveys, 12% had held 
workshops, 5% had applied self-assessment, and 3% used observations. 61% of the reports used only qualitative 
data collection methods, and 3% used only a quantitative approach for data collection. In 32% of the material, 
both quantitative and qualitative data collection methods were used.  

From the 82 reports that describe number of participants, 4714 individuals have responded to questionnaires, 
been interviewed, or participated in workshops.  

Meta-evaluation 

The quality of the reports can be considered using the meta-evaluation overall points (see Figure 3). 64% 
received 14 points or more, indicating a good overall quality. Mean was 12.6 points.  
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Figure 3. Total points from meta-evaluation. X-axis is number of points assigned. Y-axis is number of 

reports.  

The meta-evaluation can be sub-divided into validity, reliability, and usefulness (see Figure 4).  

 
Figure 4. Sub-divided meta-evaluation showing means, max, and standard deviations. 

Many of the evaluation reports lacked a method description. For example, only 25 of the reports described the 
evaluation process and how collected data was controlled regarding quality. This means that the studies are 
difficult to replicate.  

Thematic analysis 

The thematic analysis resulted in four identified themes:  co-operation, clarification of roles, communication, and 
the uniqueness of the pandemic. All themes are presented separately below, supported by excerpts from the 
analyzed evaluations. For each excerpt, the organization of origin will be stated in parenthesis. The excerpts are 
translated into English by one of the authors. 

Co-operation 

A term that occurred frequently throughout the evaluations was co-operation. While it was stated in different 
contexts, multiple evaluations expressed that during the pandemic new relations with other organizations had been 
created, resulting in new forms of co-operation. One evaluation highlighted the importance of retaining and 
developing these novel forms of co-operation after the pandemic. 
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Develop and retain the newly established communication 
routes and forms of co-operation that have been established 
during the crisis. (Region Kalmar) 

Related to internal co-operation between different units or employees of the same organization, one evaluation 
emphasized that thanks to informal relations that were created before the pandemic the internal co-operation was 
effective.  

Another success factor is the size of Region Jämtland. The 
participants experience the region as adequately large 
related to the number of employees, especially within the 
healthcare sector. Because of this, plenty of those involved 
in the crisis management efforts knew each other before the 
crisis, just like they know other employees of the region. 
This made the communication within the crisis management 
team simpler. (Region Jämtland Härjedalen) 

Due to initial difficulties regarding co-operation with other organizations, some evaluations emphasized the 
importance of developing relations and establishing contact with potential co-operation partners during normal 
times, so that initial co-operation will be beneficial during future crises. 

Establish contact with the private sector and non-
governmental organizations with the purpose of creating 
communication routes for co-operation before future events. 
(Perstorp Municipality) 

On a similar note, some evaluations emphasized that regardless of previous co-operation during normal times, 
external co-operation should begin already during the early stages of crises with actors deemed relevant.  

External co-operation should begin during the early stages 
of a crisis with relevant actors. (Swedish Armed Forces, 
Region Stockholm) 

Clarification of roles 

Plenty of the analyzed evaluations expressed that during the crisis management, the organizations’ lacked clearly 
defined internal roles. In particular, the roles of the different members and functions of the staffs lacked sufficient 
descriptions related to their mandates and responsibilities. It caused uncertainties and insecurities. 

The evaluator considers that the respective roles within the 
staff and the mandates associated with each role should be 
well-defined to everybody involved … The relationship 
between ordinary supervisors and leaders of the crisis 
management and chief of staff ought to be well-defined as 
well. (Västmanland County Administrative Board) 

Descriptions of the different roles within the staff have 
been missing, resulting in a perceived insecurity amongst 
the employees. The staff members have also expressed that it 
has been unclear regarding the responsibilities of the 
working environment. (Dalarna County Administrative Board) 

The lack of well-defined roles also caused problems when some members of the staff had to be replaced during 
the course of the pandemic. One evaluation particularly emphasized that the unclear descriptions of the chief of 
staff role harmed the crisis management efforts and obstructed the process of replacing the role when deemed 
necessary due to the high amount of workload. 

Descriptions of the chief of staff role’s mandates have been 
missing, something which hindered the work within the staff 
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and the replacement of members within some functions. 
(Dalarna County Administrative Board) 

To solve some of the difficulties related to the unclear descriptions of some roles, some evaluations proposed that 
future contingency plans ought to include descriptions of roles and the respective roles’ mandates. 

The evaluation shows that there are ambiguities within the 
crisis management system related to roles, mandates, 
staffing, division of labor, and task assignments. Plenty of 
these ambiguities can be solved by updating the contingency 
plans where it also should be stated which employees that 
are supposed to staff each function of the staff, including 
replacements. (Upplands Väsby Municipality) 

Communication 

Plenty of the evaluations include accounts of inadequacies related to information flow and communication. These 
inadequacies were in some cases particularly related difficulties regarding how to share information, as well as 
determining which information that should be shared. The steady influx of new information from agencies and 
other organizations also caused difficulties. 

A working communication system is essential for operations 
and working environment. Being able to communicate 
sufficiently has been one of our greatest challenges. We 
should have prioritized and sorted information internally 
before forwarding the information to the rest of the 
organization, to create a simplicity and calmness, something 
which has been difficult and challenging. Our communication 
(external and internal) has been dependent on other actors 
both regionally and nationally, something which have made it 
difficult to sort information and find time to communicate 
before new decision were made by the Public Health Agency of 
Sweden, the government, the National Board of Health and 
Welfare, the county administrative board or the regional 
council. (Piteå Municipality) 

As shown in the excerpt above, it is important to establish well-defined routines regarding how information should 
be shared within organizations. This is an aspect which plenty of the evaluations emphasized as a difficulty, in 
particular the difficulties related to making sure that correct information reached all relevant employees. One 
evaluation therefore expressed the importance of sharing information to all it may concern. 

Be observant of those working far from the crisis management 
and their opportunities to acquire the needed information. 
(Varberg Municipality). 

Multiple evaluations also emphasized the importance of defining a common direction of the crisis management 
efforts, and that this direction must be shared with all relevant employees. By defining a common direction, and 
sharing it with relevant employees, plenty of the evaluations hypothesized that it would be easier to work towards, 
and achieve, the desired objectives. To make sure that the directions and objective are communicated sufficiently, 
two of the evaluations recommended that communication routes should be defined in the contingency plans. 

A communication strategy created based on the municipality’s 
objectives will make sure that the crisis communication 
thought-out, homogenous, and striving towards the objectives 
of the municipality. (Ovanåker Municipality) 

Begin the crisis management efforts by creating a 
comprehensive direction of the municipality’s crisis 
management and communicate the direction clearly to everyone 
within the organization so that there exists an awareness 
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related to the main focus of the crisis management. (Motala 
Municipality) 

A central concept related to communication is that of common operational pictures. In plenty of the evaluations, 
it was expressed that the organizations created common operational pictures as a way of summarizing relevant 
information and later on sharing the common operational pictures both internally and externally. One evaluation 
stated that when common operational pictures began to be created the co-operation and co-ordination were 
improved. 

When the crisis management organization was established and 
the work with common operational pictures began centrally 
and locally, the possibilities of co-operation and co-
ordination were improved. (Sollentuna Municipality) 

Another evaluation did, however, express that well-defined routines have to be created regarding common 
operational pictures to maximize their utility.  

Common operational picture: A common standard for report 
information to the common operational picture before the 
staff briefing is missing, and the quality of the submitted 
reports vary. The quality can be improved by specifying 
requirements of the information that should be submitted. 
(Borlänge Municipality) 

As previously mentioned, plenty of the evaluations stated the importance of creating communication plans. The 
need of communication, and therefore communication plans, became particularly clear during the pandemic due 
to the unprecedented need of communicating internally, with other organizations, and with the public. One 
evaluation particularly emphasized the need of clearly defining communication routes internally, particularly with 
the purpose of defining the responsibilities related to communication during crises.  

Create a communication plan regarding the internal 
communication, where the purpose of the internal 
communication during the pandemic is clarified. That way it 
is possible to define responsibilities between the crisis 
management organization and the regular organization. 
(Östergötland County Administrative Board) 

Another evaluation emphasized the importance of acknowledging, and planning for, that crises can affect the 
employees personally. The evaluation therefore recommends that is important to develop communication plans 
regarding the employees’ eventual reactions during crises.  

Do not underestimate the anxiety and the fear that humans 
and organizations might perceive when we meet something 
unknown and difficult. Anxiety has to be faced and managed. 
The importance of good communication and supervisors 
confident in their leadership cannot be underestimated. 
(Piteå Municipality) 

The uniqueness of the pandemic 

It was common throughout the evaluations to emphasize that the pandemic has been a unique event, particularly 
due to its long duration compared to other crises. Multiple evaluations also stated that the organizations did not 
account for long duration events such as a pandemic in their contingency plans. One evaluation stated that even 
though this was not accounted for, the flexibility of the organization’s plans allowed them to still sufficiently 
manage the pandemic using the existing plans. 

This incident has been considerably less intense than the 
incidents that were anticipated when creating the plans and 
routines and conducting exercises and educations for the 
crisis management organization. Existing plans and routines 
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were flexible enough to support adaptations of the 
organization and the work procedures, the adaptations have 
worked well. (Mjölby Municipality) 

The lack of planning for crises of long duration caused, according to one evaluation, an inability to manage and 
deal with daily tasks alongside the pandemic. An inability which could have been prevented by a more thorough 
planning process. 

Update and adapt plans – The plans the municipality has used 
to organize the crisis management efforts do not include 
events of long duration. An increasing focus on the crisis 
management efforts during a long period of time has caused 
an increasing debt of ordinary tasks within the 
municipality. All of this ought to be considered in an 
updated contingency plan. (Timrå Municipality) 

When updating the contingency plans after the pandemic, plenty of the evaluations recommend that the plans 
should not be adjusted solely based on the pandemic since coming crises might be of completely different nature. 
One evaluation therefore proposed that the plans should be general so that they can be applied during multiple 
crises. 

Few crises can be predicted, that is a part of a crisis’s 
nature, but we need basic alternatives simplifying our 
preparations and creating a common understanding. The 
ability to adapt might be the most important ability during 
a crisis, but it has to be combined with pre-defined 
management alternatives, to create a balanced crisis 
management ability. (Helsingborg Municipality) 

During the pandemic, assumptions about future potential development and consequences were made by the 
different organizations. This was done so that the organizations could plan and prepare for future developments. 
One evaluation did, however, express that even though assumptions are important, they should be monitored and 
analyzed during the course of time so that they are always updated based on available information.  

Assumptions are a natural part of all plans and strategies, 
but the assumptions have to be specified and evaluated. 
Assumptions should also be monitored during the course of 
time to determine if the situation has changed or if the 
assumptions turned out to be wrong. (Borlänge Municipality) 

On a similar note, one evaluation expressed that worst case scenarios should be develop when reports of an 
eventual coming crisis are first available, with the purpose of supporting the planning processes. 

… the event should be treated seriously when the first signs 
of what is to come are available. Worst case scenarios also 
ought to be developed. (Region Östergötland) 

Related to planning for future crises, some evaluations expressed that rather than trying to anticipate and prepare 
for all different kinds of crises, the focus should be to create a robust ordinary organization able to withstand crises 
without relying too much on anticipations. 

It is possible to conclude that plans for different crisis 
scenarios did not provide any guidelines during the initial 
crisis management efforts, or later. Instead, a recurrent 
reflection is that a well-functioning daily organization is 
crucial when trying to manage a crisis sufficiently. The 
analysis above emphasizes this … it is important that 
resistance and resilience during normal times are not pushed 
aside by other values such as effectiveness or justice. In 
other words, it is important to create structures and 
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routines able to constantly observe crisis and preparedness 
perspectives. (Gothenburg Municipality) 

When planning for a potential pandemic, plenty of the evaluations expressed that the organizations failed to 
identify the amount of personal protective equipment that would be need during a pandemic. This resulted in a 
shortage during the COVID-19 pandemic. Multiple evaluations therefore expressed that future preparations 
should include securing potential needed resources given the anticipated event. 

An evaluation of the region’s contingency plans also ought 
to consider that all units are included and that the plans 
consider endurance related to personnel, competence, and 
personal protective equipment. The plans also ought to 
consider the sizes and volume of eventual emergency 
stockpiles. (Region Jämtland Härjedalen). 

DISCUSSION 

This paper has described how the county administrative boards, municipalities, and regional councils, representing 
different public actors, evaluated their handling of the COVID-19 pandemic. Together the county administrative 
boards, municipalities, and regional councils add up to a total of 331 organizations. In this study, 98 of these 
organizations were represented. This number, equaling roughly a third of the organizations of interest, provides 
substantial weight to the findings in this study. It also shows that a substantial part of the public actors has 
performed evaluations, indicating that these actors are willing to improve future crisis management efforts by 
learning from the COVID-19 pandemic. Based on this study, it is not possible to draw any conclusions regarding 
the effects of the evaluations. Most of the analyzed evaluations evaluated the first phase of the pandemic in 
Sweden, during the spring of 2020. This means that the findings in this study are mostly, but not exclusively, 
limited to that time-window. Due to the long duration of the pandemic, it is important that evaluations continue 
to be undertaken.  

Many organizations used external actors to evaluate their actions and management. One noteworthy finding is 
that the external evaluators scored higher in the meta-evaluation compared to the in-house evaluations. Using 
evaluators outside of the own organization strengthens the evaluations in more than one way, informants might 
be more sincere in their statements, outside actors are less prone to try to say the “correct things”, also they are 
independent from internal organizational expectations.  

One aim of this paper was to suggest improvements for crisis management strategies. The thematic analysis 
reveals that the analyzed evaluations emphasized four challenging or otherwise important areas during the 
pandemic which ought to be improved during future crises by, for example, updating contingencies plans. The 
theme co-operation described that the management of the pandemic was characterized by both internal and 
external co-operation. Lessons learned from this, as highlighted in the thematic analysis, include creating 
sufficient co-operation structures during non-crisis times, and continue to develop the co-operation with newly 
acquired partners during the pandemic. The theme also emphasized the importance of beginning co-operation 
already during the early stages of a crisis. The theme clarification of roles emphasized a recurrent problem 
amongst the organizations involved in the COVID-19 pandemic management, namely the lack of clearly defined 
roles within the crisis management organizations. According to some of the evaluations this lack of clearly defined 
roles hindered the crisis management efforts. To solve these problems in the future, most of the evaluations 
emphasized the importance of defining the roles more clearly in the contingency plans. The theme communication 
described the unprecedented need of information sharing evident during the pandemic. This information sharing 
refers to internal communication, communication with other involved actors, and in many cases communication 
with the public. It was shown that internal communication was a recurrent issue related to how, and which 
information, that should be shared. Some evaluations also emphasized the need of creating thorough guidelines 
relating to how information ought to be compiled during crises. The theme the uniqueness of the pandemic 
described that the analyzed evaluations emphasized that the pandemic was a unique event, something which 
affected the crisis management efforts. In particular, it was the long duration of the pandemic that was unique. 
Plenty of evaluations therefore stated a need to plan for future crises of long duration more thoroughly. However, 
it was also expressed that it is important to base future contingencies plans not entirely on the pandemic since 
future crises might behave differently. The thematic analysis altogether therefore offers an understanding of 
important areas necessary to improve for future crises amongst the Swedish regional councils, municipalities, and 
county administrative boards. 

The included organizations represent different levels of government with different responsibilities, resources, 
and mandates. This provides different conditions for evaluating their efforts. Some municipalities have large 
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areas to cover with small population. This gives small tax revenues. Financing an evaluation might be just as 
costly as for a municipality with a larger population and bigger tax revenues, where the evaluation is a much 
smaller part of the budget. If government agencies provide guidance and support for evaluations, and 
governmental regulations stipulates what level of quality is required, the overall quality might increase.  

The importance of evaluating, having a structure for data collection, analysis, and reporting is reflected in the 
quality of the reports. Smaller municipalities, without in-house evaluation expertise, would benefit greatly from 
governmental agencies that could provide support and guidance on these matters. The results from the meta-
evaluation in this study can be used as guidance emphasizing important aspects of evaluations. 

Limitations 

The meta-evaluation does not cover all Swedish county administrative boards, municipalities, or regional 
councils. However, the included public organizations can be considered representative.  

Future work 

Following-up on identified conclusions and proposed actions to assess which have been implemented into the 
organizations and how these were received would provide an interesting complement to this study. Is business 
carried out as usual or have the organizations really learnt something? 

CONCLUSION 

Evaluations were conducted both in-house by the organizations and by external actors. However, most 
evaluations were conducted by external actors. Most reports are not using a scientific framework. Nor have they 
been conducted by scientists. Many different ways to collect data have been used, and the most common 
methods were document analysis and interviews. Other approaches were questionnaires and workshops.  

The quality of the reports, based on the points the reports achieved, shows that around 50% were of good 
quality. One interesting finding was that the reports conducted by external actors achieved significantly higher 
scores, indicating better quality. The four identified themes from the thematic analysis, co-operation, 
clarification of roles, communication, and the uniqueness of the pandemic offers an understanding of areas in 
need for development among Swedish regional councils, municipalities, and county administrative boards. The 
identified themes can be used to improve crisis management strategies.  

Many organizations have finalized evaluations, even though the pandemic had not ended (as of October 2021), 
indicating an interest to learn, to improve, and to become more efficient in crisis management.  
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ABSTRACT 

The objective of crisis management is to limit the impact of a feared event that has occurred and to restore the 
conditions corresponding to a nominal situation. In this context, we will focus on emergency response plans for 
mass casualty crises. In this paper, we propose a functional modelling of the French generic emergency plan, 
ORSEC plan, using the Business Process Model and Notation (BPMN). On the basis of this representation, a 
dysfunctional analysis is performed from a new approach identifying Failure mode, effects and criticality analysis 
(FMECA), in order to better anticipate, the events likely to interrupt the intervention plan. This work will then be 
used in a multi-agent dynamic planning and scheduling model to allow an actor to choose among the dynamic 
planning approaches the one that allows him/her to reach his/her goal. 

Keywords 

Crisis management, risk analysis, FMECA, BPMN, emergency response plan. 

INTRODUCTION 

For a long time, we have been hearing about environmental and humanitarian disasters around the world and their 
impact on property, the environment and the population. The effects of human-caused disasters are as significant 
as natural disasters. Wars, pollution, terrorist attacks, technological accidents, etc. are the effects of person on 
him/herself, the environment and goods. Unfortunately, whatever the nature of the disaster, and whether it is 
predictable or not, we cannot know its intensity. Sometimes the disaster impact can be limited or more global, in 
terms of the number of people affected, the economic cost, the geographical extent or the persistence of the hazard 
over a long period. We are interested in crises with a high human impact.  

A crisis has three stages: pre-crisis, crisis response and post-crisis. Our work focuses on the response phase and 
more specifically on the response level in a rescue plan where the reaction must be quick and efficient as much as 
possible in order to minimize the human loss by providing help and rescue to the injured people. In a crisis rescue 
plan, each actor has a sequence of actions to perform to achieve a goal. When executing this latter, unforeseen 
events may arise that disrupt it. In this context, we aim to model the emergency plan using BPMN and to conduct 
a failure mode analysis on it. The structure of the rest of the paper is as follows. We present a state-of-the-art in 
Section 2. In Section 3, we outline a functional modelling of the ORSEC plan and we distinguish between three 
sets of activities namely: Informational, Decisional and Operational. Then, the dysfunctional modelling and 
analysis are provided in Section 4 (FMECA) and Section 5 (vulnerability assessment). Section 6 provides an 
overview of the integration of this work in the multi-agent dynamic planning model. In Section 7, we present the 
major conclusions of this paper as well as future works to be undertaken. 
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STATE-OF-THE-ART 

Crisis Response Levels 

 

Elmhadhbi, (2020) explains the three hierarchical levels of a crisis rescue plan as below:  

Strategic Level 

The highest level of decision-making is the strategic level and it is managed by public authorities. The latter 
provide the media with valuable information about events to alert citizens and play an essential role in inter-
agency communication. In addition, they define strategies and guide the organizations concerned to engage in 
crisis response. The command of the crisis response process is determined based on three factors: the event type, 
its impact and the administrative division of the country.  

Tactical Level 

Despite the fact that goals are determined at the strategic level, these objectives are translated into actions at the 
tactical level. In order to implement a strategy, stakeholders at this level define the steps to be implemented by 
other actors on the site to end a potential threat. Note that for each emergency response organization (ERO), there 
is a command post managed by a commander. Thus, stakeholder commanders compose the tactical level.  

Operational Level 

Finally, at the operational level, the tactical plan is executed by the emergency responders on the site of the crisis 
like firefighters and healthcare services. These actors work together under a unified command in a dynamic 
environment where uncertainty is high.  

 
Figure 1. Crisis Response Levels 

Emergency Response Plan 

According to Dautun, (2007), emergency planning, in France, is currently based on law n°2004-811 of 13 August 
2004 on modernization of civil security and more particularly on implementing decree n ° 2005-1156 of the 
Communal Safety Plan (PCS) and decree n ° 2005-115 7 of the ORSEC plan. Since this last decree, the ORSEC 
plan has become the only emergency organization plan either in each department or in each zone. It now revolves 
around a common and simplified crisis management organization accompanied by an inventory of risks. In 
addition, according to Rongier, (2012), in France, there are two types of crisis response plans that are triggered 
when a natural or technological crisis occurs, depending on the needs. On the one hand, the ORSEC plan that is 
set up when the local means are not sufficient. There are three types of ORSEC plans: zonal, departmental and 
maritime. On the other hand, emergency plans such as the white plan and the red plan. The first one is activated 
when dealing with the arrival of numerous casualties while the second one is triggered if an emergency has a large 
number of injured in a limited area. 

BPMN 

BPMN is a graphical notation language developed by Business Process Management Initiative (BPMI). In 2005, 
BPMI and the Object Management Group (OMG) merged together and since then, OMG maintained BPMN 
Geambasu, (2012). BPMN version 2.0 was released in 2011 to extend the adequacy of BPMN 1.2 OMG, (2011). 
The main objective of BPMN is providing a notation that is easily understood by all business users, from the 



 
Chahine et al. Modelling and Assessment of an  Emergency Response Plan 

 

WiP Paper – Command & Control Studies 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

365 

business analysts to the business people passing by the technical developers. The business analysts create the 
initial drafts of the processes, while the technical developers implement the technology that will execute these 
processes and finally the business users manage and monitor these processes. BPMN 2.0 can be serialized to 
BPMN 2.0 XML. 

The process model depicts four element types to model business process diagrams as shown in Figure 2: flow 
objects (events, gateways and activities), connecting objects (sequence flows, message flows and associations), 
swimlanes (lane or pool), and artifacts (data object, group and annotation). 

 
Figure 2. BPMN Core Elements of Process Diagram. kluza et al., (2017) 

FMECA 

Failure Mode and Effects Analysis (FMEA) is a qualitative technique which defines main causes and effects of 
failures. The quantitative FMECA is an extension of FMEA which identifies the criticality level of failures. It is 
a predictive approach. Failure cause is the reason for a problem while failure mode is the way a problem is 
observed (a process can fail). It describes how the failure occurs and its effect on equipment operation. Failure 
effect is the consequence of a failure mode. The criticality analysis evaluates the failure mode criticality Brahim 
et al., (2019). 

In addition, FMECA is a decision-making tool. It reduces the critical failures’ probability and analyzes potential 
failures to prioritize the improvement of actions in order to enhance the performance of the system Brahim et al., 
(2019). Moreover, the failure factors to determine the risk priority number (RPN), which is an integrated measure 
of risk, (Chang and Paul Sun, 2009; Deng et al., 2020; García and Gilabert, 2011) are: 

● Severity (S) represents the seriousness of the failure effect.  
● Occurrence (O) indicates the likelihood (probability) of this failure to happen.  
● Detection (D) refers to the difficulty of detecting a failure. 

Each input factor takes a discrete value in the range [0, 10]. The RPN is obtained by multiplying these three ranks. 
The higher the RPN, the higher the chances of failure of the mode. 

Event/Fault Trees 

A tree is a way to synthetically present the results of studies showing the relationships between causes and 
consequences both qualitatively and quantitatively. Event tree is a forward, bottom-up (inductive) method, starts 
from an event and describes the potential outcome consequences resulting from it depending on the conditions 
under which it occurred and the events with which it combines Mortureux, (2005). While fault tree is a top-down 
(deductive) method. Logical OR or AND links represent the combination(s) that can produce the event in the top 
line to which they are attached. The first line contains the event to be described. 

Multi-agent System (MAS) 

MAS is an organized corpus of agents in which a certain number of phenomena comes out as the result of 
interaction between these aforesaid agents. Briot et al., (2001) define a MAS as a set of interacting agents that can 
organize in a dynamic and adaptive way. One of the interesting features is the distribution of the complexity over 
several agents. In this work, the MAS is used to model our scenario in different architectures. Several definitions 
have described the agent because of the variety of contexts and applications for which the agent is designed. 
Ferber & Perrot, (1995) defined an agent as a physical or virtual entity that can reproduce itself, has its own 
resources and skills to achieve its goal and tendencies. It can act, communicate and perceive its environment. Its 
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environment’s representation is either partial or null. According to Weiss, (2004), it is a computer system located 
in an environment where it has the ability to act through autonomous actions to achieve its design goals. EL 
FALOU, (2010) declares other characteristics of a MAS, we mention: 

● Collaboration: consists in making all the agents work on the same project. It refers to techniques that allow 
agents to divide the tasks, the information, and the resources.  

● Observability: is all the information that is accessible to an agent. 
● Uncertainty: is when the environment of the agents is considered stochastic and the uncertainties are 

represented using e.g. probability distributions, intervals of values or fuzzy intervals. 

Planning and Scheduling 

Planning aims to determine the various operations to be carried out and the material and the human resources to 
be allocated to them. While scheduling aims to determine the different dates and resources corresponding to 
known activities Baki, (2006). According to Ghallab et al., (2004), planning in Artificial Intelligence is concerned 
with solving problems in several domains. Problem solving in planning is achieving a goal by taking a series of 
actions. According to Lopez & Roubellat, (2001), solving a scheduling problem consists in placing actions in 
time, taking into account temporal constraints (deadlines, precedence constraints, etc.) and constraints relating to 
the use and availability of the required resources by the actions.  

Bidot et al., (2008) presented four different approaches for planning under uncertainty that keep the balance 
between plan generation and execution: 

• Proactive technique has a knowledge base about uncertainty in order to have the power to decide offline. 
Since the solution is insensitive to perturbations, it is not revised during execution. Knowledge about 
uncertainty is included to create more robust and reliable schedules.  

• Reactive technique generates a complete schedule and if during execution the solution differs from the 
observed situation, then the plan can be changed through online schedule re-generation.  

• With progressive technique, It is possible to both plan and execute incrementally online. They generate 
the plan only in the short term. New steps are generated the rest is generated online either on a specific 
timestamp or whenever a condition expressing that some uncertainties are resolved is satisfied.  

• Mixed Technique is an approach that combines at least two pure-generation techniques. 

FUNCTIONAL MODELLING 

Functional model is a graphical representation of functions within a system. It transfers a concept to a 
comprehensive representation. In this work, the emergency plan is modelled using BPMN with the Camunda 
modeler tool. 

Emergency Response Plan Modelling 

Introduction of Decisional, Informational and Operational Sets 

Analysis of the ORSEC plan in France shows that decisions are not taken by actors directly in the field. The 
decisions are distributed to the different levels of the plan. In this case, we distinguish between three sets:  

● Informational set is the tasks performed by actors to communicate with other agents in order to inform 
them of a situation or a decision. Actors may receive information directly from actors on the site or from 
external actors. In addition, communication can be visual. For example, the tag’s color on the victim 
informs an actor of his/her situation. 

● Decisional set: represents the decisions made by decision-makers.  
● Operational set: shows the tasks to be carried out by the actors on the site. 

In order to defer in the next figures between the activities of each set, we color an activity belonging to the 
informational set, decisional set and operational set, in blue, green and pink, respectively. In addition, an action 
can belong to one or more sets. 

We modeled a generic model (see Figure 4) that shows the process when there are decisions, information exchange 
and execution of an action (act). This model makes it possible to represent in a general way the interaction between 
the three sets. When an actor receives information, s/he analyzes it in order to make a decision. The latter is taken 
if the actor has enough information, otherwise, s/he asks to be better informed. The decision made by an actor is 
either executed by the actor themselves or by other actors, so s/he must first transfer the decision to them. While 
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executing a task, an event can interrupt it at any time, in this case, the actors inform the other actors of the situation. 
Furthermore, if the task is performed by the decision maker themselves, s/he will make another decision depending 
on the situation. 

 

Figure 3. Generic Model: The Interaction Between The Three Sets 

ORSEC Plan Modelling with BPMN 

In France, intervention plans are available in a textual format defining the actors involved and their roles. In order 
to provide a global view of the collaboration between the emergency services, we have established models 
distinguishing between the three sets mentioned above. These models were built from the BPMN standard. We 
give for each service a number from A to L (see Table 1) and for each activity a number. Note that the number 
assigned to a service is also the category to which this service belongs. In this paper, we present the pickup sector 
process in the ORSEC plan as an example of process modelling.  

Table 1. Code of Physical Entities 

 Service 
Number A Alert centre 
Number B Departmental operational centre (COD) 
Number C Operational command post (PCO) 
Number D Pick up sector 
Number E Advanced medical post (PMA) 
Number F Mortuary 
Number G Meeting place for unharmed people (LRI) 
Number H Health care centre 
Number I Evacuation sector 
Number J Police centre 
Number K Departmental fire and rescue services (SDIS) 
Number L Urgent medical aid service (SAMU) centre 
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Pick Up Sector 

 

Figure 4. Pick Up Sector Process 

It is provided mainly by the doctors and nurses of the health service and medical rescue (SSSM) and the 
firefighters, possibly assisted by other stakeholders, in order to provide first aid. These operations are placed under 
the authority of the director of fire and rescue services assisted by an officer from the SSSM identified by a yellow 
"health officer" chasuble. Those involved and victims are grouped together at the victim’s gathering point (PRV). 

When victims are located, the rescuers provide them with first aid. After these operations, the victims are 
evacuated to the PRV where first triage is carried out. Unharmed people are evacuated to the LRI, corpses are 
removed to the mortuary and finally the injured are transported to the PMA. In parallel, an emergency report is 
established and is sent to the director of medical rescue at regular intervals. 

DYSFUNCTIONAL MODELLING 

Dysfunctional modelling adds to functional modeling information about potential failures that a system may 
encounter. This allows the decision maker to determine the causes of failure as well as to specify the effects of 
these causes on the system. 

FMECA of the ORSEC Plan 

Failure Modes 

Whatever process a function belongs to, we identified seven types of problems numbered from 0 to 6. Each activity 
(function) in BPMN has one or more failure modes that correspond to a category of a problem. 

Table 2.  Problems Code’s Category 

 Description 
Category 0 It is not activated 

Category 1 It is not carried 
out 

Category 2 It gives no results 

Category 3 It lasts longer than 
expected 

Category 4 It gives 
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incomplete results 

Category 5 It gives incorrect 
results 

Category 6 It is carried out 
intermittently 

 

Causes 

Problems have reasons behind them that can be direct or indirect, internal or external to the process and dynamic 
or static. Unlike external causes, an internal cause means that the origin of the cause comes from within the 
process. Moreover, unlike static, dynamic means that the cause may change over time but cannot be controlled at 
the moment.  

As indicated in Figure 5, we identify three causes levels in a bottom-up fault tree. A cause is represented by a 
square called an event in the fault tree. The two colours blue and green represent internal causes and external 
causes, respectively. Static and dynamic are designated by light and dark colours, respectively. The symbols “!” 
and “¸” designate when a cause is generated (before or during the execution of a process). In this work, the source 
of a cause can be from the input (I), control (C) or mechanism (S). For example, if the cause belongs to level one 
(denoted N1) and comes from the input (I), the category of the cause is IN1.  

Level one causes or direct causes are three: 

● Non-compliance of inputs which means that the input is incorrect, incomplete, etc.  
● Inability of the support to support the task which means that the system is not compliant (state, capacity, 

availability of resources, willingness).  
● Non-standard disturbances (intensity, specificity) represent external constraints that are too strong and 

internal organization that is insufficient. 
We find the level two causes by going up in the fault tree: 

● The non-compliance of inputs results from an upstream function malfunction, an unreliable source of the 
input or non-standard disturbances.  

● Inability of the mechanism to support the task results either from the poor physical and psychological 
condition of the mechanism or from the default in design, system’s realization and maintenance.  

● Non-standard disturbances result either from an event occurring simultaneously with another event or from 
a non-conforming system response. 

 

 
Figure 5. Level of Causes 

 

In level three, we identify two causes for the default in design, system’s realization and maintenance cause. It 
results from either the bad anticipation of the scenario or from the insufficient budget of the state or the center. 
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Effects 

Problems also have effects on the functionality of the activity itself or subsequent activities. We use a top-down 
fault tree in order to show the three levels of consequences identified in this work and their category. The latter is 
denoted by O denoting output, followed by the level of the consequence. Effects are generated either during the 
execution of the process or after the end of the process. Events’ colors and the symbol “¸” have the same meaning 
as in causes. We added symbol “"” to indicate that the effect occurs after the process is completed. 

Direct consequences are three:  

● Non-compliance of outputs which means that the output is incorrect, incomplete, etc.  
● Bad effect on the mechanism itself which means that the service is physically or/and psychologically 

affected.  
● No outputs; i.e there are no results. 

We find the level two consequences by going down in the fault tree. We identified two effects: 

● The non-compliance of outputs affects a downstream function malfunction.  
● The consequences can also affect other mechanisms involved in saving victims.  

 
Figure 6. Level of Consequences 

In level three consequences, we find that the results may not be optimal or non-standard consequences (climate 
change, state’s image, problems with neighboring countries, economic and social problems, death, etc.). 

Criticality 

In FMECA, criticality is measured by multiplying the failure’s severity, its probability of occurrence and the 
probability of its detection. As in this paper, certain authors consider the first two criteria to calculate the criticality 
of the failure mode.  

Table 3. Probability of Occurrence Scale  

 Rank Description 
Very high 10 Very high probability of occurrence 

High 7-9 High probability of occurrence 

Moderate 4-6 Moderate probability of occurrence 

Low 2-3 Low probability of occurrence 

Very low 1 Very low probability of occurrence 
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Table 4. Severity Scale 

 Rank Description 
Catastrophic 10 Cause the death of the victim and/or 

affect the process of the service itself 
and/or the other processes 

High 7-9 Cause the victim’s situation to 
evolve and affect the process of the 
service itself and other services 

Moderate 4-6 Cause the victim’s situation to 
evolve and affect the process of the 
service itself or the process of other 
services 

Low 1-3 The effect are not severe enough to 
cause the death or to affect a process 

 

Application of Pickup Sector in Functional and Dysfunctional Modelling 

The ORSEC plan defines the missions of each service, the list of resources and the methods of their mobilization. 
Our work is completed by a multi-agent dynamic planning of the operational level of an emergency plan, i.e. we 
are interested in the list of actions taken by an actor from its initial state (alert reception) to its target state (e.g. for 
an ambulance, it is its arrival at the hospital). Furthermore, the ORSEC plan lists the missions of the operational 
level assuming that the actors of the latter are on the site of the event, whereas in this article, we also take into 
account the actions taken by the operational level’s actors in order to arrive at the site. For this reason, we perform 
a dysfunctional modelling on the pick-up sector process presented in Figure 7. For clarity reasons, part of this 
model is shown in Figure 8. 

In our work, FMECA table consists of the following columns: activity’s name, activity’s number in BPMN (code), 
failure mode and its category, causes and consequences levels as well as their categories, the service executing 
the activity (source) and on which services it has an effect (Target). At the end of the table, we added the severity 
and the occurrence in order to calculate the criticality of the failure mode. 

 
Figure 7. Pick-Up Sector Process from the receipt of the alert 
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Figure 8. FMECA Table of D.3 and D.4 Activities in Figure 7 

VULNERABILITY ASSESSMENT  

The process must allow attending as quickly and efficiently as possible the potential victims of a crisis. It is 
temporally bounded on the left by the instant of occurrence of the catastrophic event and on the right by the instant 
of resolution of the crisis situation. Despite the fact that the vulnerability is a widely used concept in many fields, 
its definition varies depending on the authors. Vulnerability focuses on the system capacity to resist a hazard or 
threat Johansson, (2010). According to Haimes, (2006), vulnerability is the way of the degradation of a system, 
an organization or human performance when certain hazards or threats exploit the vulnerability. The vulnerability 
of a system results from its sensitivity, its exposure, and its response capacity. It can be characterized by the 
potential of damage, the exposition function and sensitivity of a system Adger, (2006). Johansson, (2010) 
explicates the vulnerability as the consequences that arise when a system is exposed to a strain for a given type 
and magnitude. The system moves from a planned state into an unplanned state. In our work, we define 
vulnerability as the stake’s sensitivity to a threat (a hazard). 

In this section, we represent the vulnerability of an activity by observing 11 indicators. An activity is vulnerable 
if it can potentially be unable to be performed (no output) or if it is performed but potentially gives non-compliant 
results.  

Codification of a Function 

The vulnerability indicators are represented in Table 5 which is a clear and simple method to better analyze each 
function. The three processes Decision-making (D), informational (I) and operational (O) are represented in 
column “Nature”. In addition, the “interaction” column indicates whether the function has an internal (I) or 
external (E) interaction to the process. Moreover, the “Cost” column allows us to know if the function has a direct 
(D), indirect (I) or not significant (A) economic impact. In contrast to symbol (I) in the column “impact”, D 
indicates whether the function induces an immediate risk of death. If it is neither (I) nor (D), it means there is no 
risk (A). In the “recurrence” column, a function can be performed only once (U), or intermittently (I) or several 
times (R). Furthermore, it may need a high (H), average (M) or elementary (E) technicality in order to be 
performed. It may also require heavy materials, fluids, networks or infrastructures (Y if yes and N if not). Finally, 
the last column indicates which failure modes may have a function. 

This table is filled once we have finished our functional (BPMN) and dysfunctional modelling (FMECA). 

 

Table 5. Vulnerability Indicators 
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D.1 D, I I D I U H N N N Y 0,1,2,3,5,6 

D.2 I I A A U E N N N N 0,1,5 
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D.3 D, I I A A U E Y N Y N 0,1,2,3,5,6 

D.4 I E A I U M Y Y N N 0,1,2,3,4,6 

D.5 O I A A U E Y N N N 0,1,2,3 

D.6 I I A A U E N N N N 0,3,6 

D.7 O I A D R H Y N Y N 0,1,2,3,4,5,6 

D.8 O I A D R H Y N N N 0,1,3,4,5,6 

D.9 O I A I R M Y N N N 0,1,2,3,4,5 

D.10 O I A D R H Y N N N 0,1,2,3,4,5,6 

D.11 D, I, O I A D R H Y N N N 0,1,2,3,4,5 

D.12 O E A I R M Y N N N 0,1,2,3,4,5 

 

D.1 is the only activity that has an economic cost (triggering more stakeholders than necessary requires more 
money) and needs an infrastructure (the center) to be executed. Both D.5 and D.12 have external interaction with 
the Police and the PMA, respectively. All the activities require the use of some materials except for D.1, D.2 and 
D.6. Only D.4 needs fluids (gas or fuel) to be achieved while the network is necessary for the execution of D.3 
and D.7. In addition, some activities require a high level of technicality to be implemented (D.1, D.7, D.8, D.10 
and D.11) while for others an average level (D.4, D.9 and D.12) or an elementary level (D.2, D.3, D.5 and D.6) 
are sufficient. Some activities can directly cause the death of a victim (D.7, D.8, D.10 and D.11), while others 
have either an indirect impact (D.1, D.3, D.9 and D.12) or no impact at all (D.2, D.4, D.5 and D.6). Actors of D.2 
and D.5 may have difficulties in receiving a decision and informing other services, respectively. D.11 belongs to 
the three processes which means that actors may have a problem in deciding, informing and operating the task. 
The rest of the activities are part of the operational process which means that stakeholders may have problems in 
operating these tasks. Activities from D.7 to D.12 are repeated until a condition is satisfied. For example, actors 
continue to transfer victims to the PMA until there are no more victims. In contrast, the activities from D.1 to D.6 
are performed only once. We note that some activities have the failure mode number 6, which means that they 
can be executed at an irregular pace under certain conditions (e.g. D.7). 

Causes and Failure modes 

Figure 9 shows the relationship between causes and failure modes based on the FMECA table of the pick-up 
service. 

 
Figure 9. Causes - Failure Modes Table 

26,41% of the causes belong to failure mode 3. We find that most of their origins are external and are of type SN2 
for level I (10), SN4 for level II (13) and SN5 (8) and SN6 (7) for level III. We conclude that the causes are related 
to the functioning of the service. Moreover, there are a large number of causes that arise due to external 
disturbances at level I and consequently, for the resistance of the service to these disturbances at level II. In 
addition, 15,56% of the causes belonging to failure mode 2 are also external, have the same type for each level in 
causes and are linked to the functioning of the service. While the failure modes 2 and 4 have almost the same 
percentage of causes (14%). They also have the same type and origin of causes as failure mode 3. Briefly, the 
ability of the support to sustain the task will be affected by the training carried out by the support before the crisis, 
the experience of the actors in dealing with a crisis and the need to maintain and purchase equipment, check 
stocks, etc. Nevertheless, sometimes actors find themselves in a difficult situation because of the crisis 
environment, which means that some of the uncertainties cannot be anticipated because of the crisis impact. In 
global, we find that both SN2 (14,15%) and CN1 (13,67%) are the most present in the pick-up service process 
and, consequently, SN4 (17,45%) and CN2 (8,49%) have the highest percentage at level II. 

Failure modes and Effects 

Figure 10 shows the relationship between failure modes and effects based on the FMECA table of the pick-up 
service. 
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Figure 10. Failure Modes – Effects Table 

29,33% of the effects belong to failure mode 3. We find that most of their origins are internal and are of type ON2 
(9) for level I, ON7 (9) for level II and ON10 (9) for level III. We conclude that the effects affect the successor 
activities in the process of the service itself. In addition, some of the effects affect the operation of the service 
itself at level I (ON3) and therefore the operation of other services (ON8), which may lead to non-standard 
consequences and/or non-optimal results. Both failure modes 4 and 5 have the same percentage 16.67% of effects, 
most of which are internal and belong to ON2 at level I. This results in ON8 effects at level II and ON10 effects 
at level III. The failure mode 6 has almost the same percentage effect (16%) as the previous failure modes. It 
affects the functioning of the service itself and other services (ON8), which may lead to non-standard 
consequences (ON3). Overall, we find that the two internal effects of not having results (ON4=21.33%) and not 
having compliant results (ON2=16) are most present at level I. ON4 has no resulting effects that is why ON7 
(15.33%) is producing the most at level II and therefore, ON10 (15.33%) is the most produced at level III. 

FROM FUNCTIONAL AND DYSFUNCTIONAL MODELLING TO SIMULATION LEVEL  

Although the simulation level and the link between the latter and the conceptual level are beyond the scope of this 
paper, this section provides an overview of how the work in this paper will be further integrated into the simulation 
level. The functional model gives an overall view of the actors in the response plan, their missions and the 
coordination between them. Each actor has missions that must be carried out in a specific order. In addition, the 
different actors coordinate to help the victims. In this context, MAS is used as a decision support system to 
simulate our scenario and observe the coordination between the agents (services). For example, the pick-up sector 
consists of firefighters is considered as firefighter agent in MAS. An agent executes a set of actions that form a 
plan in order to achieve its objective. The set of actions is determined from BPMN where each activity represents 
an action. Choosing the appropriate action, knowing when to execute it and by whom in a dynamic environment 
full of uncertainty require one or more technique of the dynamic planning approaches. The dysfunctional analysis 
helps us determine the best technique to automatically generate plans for each agent to analyze its performance.  

CONCLUSION AND PERSPECTIVES 

We represented in a comprehensible and global way the actors’ behaviours in an emergency rescue plan, using 
BPMN. We also distinguish between three sets: decisional, operational and informational sets. Based on this 
functional modelling, we proposed a new FMECA approach by adding levels and durations to causes and effects. 
For each failure mode of an activity, we calculate its criticality. The functional and dysfunctional modelling 
allowed us to see the indicators of each activity in order to analyse its vulnerability. The relationship between 
causes and failure modes shows clearly to which failure mode most causes in a process belong and their origins. 
Whereas the relationship between failure modes and effects shows the effects associated with each failure mode 
in a process and their origins and type. 

Both modelling will be used in our multi-agent dynamic planning and scheduling model. Based on functional 
modelling, we identify the actors involved at the operational level to assist the victims and their actions. In 
addition, dysfunctional modelling allows an actor (agent) to take into account some uncertainties that may disturb 
his/her plan and thus, decide which dynamic planning approach to use in order to achieve his/her goal.  
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ABSTRACT 

This paper explores opportunities for information systems to support emergency response to multiple natural 
hazards. Interviews were conducted with 12 representatives from actors of the Swedish emergency response 
system about response to multiple natural hazards. Challenges and needs connected to five themes influencing the 
response effort were identified: Cooperation, Resource management, Command and control, Common operational 
picture, and Risk management. The results illuminate a lack of technology to support decisions and analyses 
during emergency response to both single and multiple natural hazards. Based on this, the paper suggests and 
discusses information systems and decision support tools to assist in satisfying the identified needs. The findings 
can inform policy makers in emergency response of where to concentrate the development of collaborative 
preparedness and response work, and the scientific community of future research directions. 

Keywords 

Emergency response, extreme weather events, command and control, needs analysis 

INTRODUCTION 

Climate change with an increase of the global mean temperature by 1°C or more, will likely lead to glacial melt 
and disruptions in the global ocean streams (IPCC, 2014). Other phenomena include increased frequency of 
extreme weather events, leading to higher risks of additional natural hazards, e.g., landslides and forest fires. Such 
a chain of events can be called multiple natural events (Gill and Malamud, 2014), where a primal natural event 
directly triggers or, by changing the environment, increases the probability of secondary events. The increased 
risk of multiple natural events brings challenges to the planning and decision making in emergency response (ER) 
systems, especially in areas with limited experience from this, e.g., Sweden and other Scandinavian countries. 
Sweden has, like many countries, a decentralized ER system with no single national agency responsible for overall 
emergency management (EM). Instead, most responsibility is put on the municipalities. To coordinate a single 
large crisis with many involved actors is difficult, not the least in a decentralized crisis management structure 
(Grottenberg and Njå, 2017). With the current lack of joint information and decision support systems, multiple 
natural hazards will be even more challenging in terms of command, control, and coordination of the responses, 
which can have devastating consequences. At the same time, contemporary studies on technologies for handling 
multiple hazards (e.g., Damalas et al., 2018), do not seem to be based in the needs of practitioners. This calls for 
an exploration of the current EM to increase the understanding of factors that influence the response to multiple 
natural hazards, and how information systems can help to improve this. 

Aim and objectives 

This paper adds to the understanding of factors influencing Swedish emergency response to both single and 
multiple natural hazards. The aim is to identify needs for improved information and decision support systems to 
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enhance Swedish emergency management. The objective is to provide new directions of research and important 
insights for policy makers concerning how to manage future extreme weather events.  

Related work 

While there are previous studies developing information systems and decision support to improve ER to multiple 
natural hazards (e.g., Damalas et al., 2018; Su et al., 2016), there is a lack of studies on the actual needs from the 
ER systems to manage these types of events. This creates a gap between the scientific community and the 
practitioners of EM. However, several studies examine issues, needs, and challenges of ERs to large-scale single 
natural hazards, and some provide suggestions or directions for improvements connected to information systems. 
According to Bosomworth et al. (2017), two core challenges to strategic EM in Australia are community 
expectations, and effective use of information systems and social media. They suggested that to overcome the 
challenges, EM needs to be a component in community disaster risk reduction and a network governance approach 
should be adopted for comprehensive cooperation and easier dissemination of information. In a retrospect analysis 
of four disasters in Asia and the U.S., Miao et al. (2013) identified typical issues of emergency resource 
management: inefficient communication and a lack of interaction, cooperation, and integration. They also suggest 
a more holistic approach with comprehensive information systems and cross-network integration of information 
platforms, for reliable and effective information sharing. Comprehensive EM should cover all phases of the EM 
cycle (Greiving et al. 2006; Motamedi et al., 2009), and be combined with planning and operation systems 
(Pesigan and Geroy, 2009). 

Another challenge identified in the literature is public awareness, both regarding the risk of hazards and the 
subsequent ER. According to Tingsanchali (2012), who studied EM for urban floods in Thailand, public awareness 
can be increased by community participation in risk assessments and planning of flood hazards. The involvement 
of communities and social organizations can be crucial in the management of natural hazards (Sim and Yu, 2018), 
as they often constitute a first response and is a main actor for local resilience (Genovese and Przyluski, 2013). A 
participatory process will also increase the success and effectiveness of warning systems and communication with 
the public, by increasing the public’s knowledge of risks and make them more familiar with natural hazard 
responses (Bird et al., 2018; Tingsanchali, 2012). Bird et al. (2018) identified several success factors of interactive 
crisis communication during the Eyjafjallajökull eruption in Iceland, e.g., pre-eruption town hall meetings, the 
establishment of information and media centers, and increased dissemination of risk data. More complex natural 
hazards in the future will also require more creative responses, which need to be accepted by the public through 
improved interactive public communication (Steelman and McCaffrey, 2013).  

Theodora (2020) suggest that natural hazards also require the integration of advanced digital technology to support 
information gathering, evaluations, prioritization, visualization, and monitoring. According to Simonovic et al. 
(2021), new technology needs to consider complex multi-hazards, and decision tools based solely on risk are 
insufficient. They suggest a holistic approach, considering the larger societal system affected by the hazards, all 
costs and benefits, and alternative solutions, with tools based on multi-objective optimization and simulation. A 
challenge for all technological systems is the user acceptance, which Lu and Xue (2016) identified as an obstacle 
for joint sense-making between response actors in China, a crucial aspect for responses to large-scale emergencies. 

The contribution of this paper is to address the research gap on identifying the actual needs of ER systems when 
managing multiple natural hazards. Since Sweden has limited experience of such events, we address this gap by 
studying the current ER system and how it would function during multiple natural hazards. 

Study context 

The Swedish ER system is decentralized, with the main responsibility of response put on the affected (individual 
or organization), the municipalities and the county administrations (CA). The actors involved in the response to 
natural hazards can be divided into three groups: response actors, support actors, and expert actors.  

The main response actors are the fire and rescue services (FRS), handling fires and accidents, and the emergency 
medical services (EMS), providing aid to injured people. The FRSs are organized on municipal level or in larger 
federations covering multiple municipalities, while the EMS are organized on the county level with the ambulance 
service sometimes procured from contractors. Depending on the circumstances, they can have support from 
voluntary response organizations, the Swedish Armed Forces, the Swedish Police, and private contractors.  

The supporting actors include the municipalities, which should work for cooperation and coordination between 
societal actors during an extraordinary event, e.g., a natural hazard. The municipality is also responsible for 
providing information to the public. The CA also have similar responsibility on a regional level, concerning the 
coordination and cooperation between several municipalities. The Swedish Civil Contingencies Agency (MSB) 
can provide support to responding FRS organizations in terms of resources and coordination. Other supporting 
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agencies that may be involved during natural hazards are the Swedish Public Safety Answering Point (PSAP), the 
Swedish Church, business actors, and voluntary support organizations.  

Several expert actors can assist the response actors with information concerning different natural events. For 
instance, the Swedish Meteorological and Hydrological Institute (SMHI) is one of the main expert actors, 
forecasting all weather-related events, monitoring all larger watercourses, and providing information about the 
current wildfire risk through the Fire Weather Index (FWI). The Swedish Geotechnical Institute (SGI) has the role 
to inform and support other actors concerning geological hazards, e.g., landslides or debris flows. If a natural 
hazard has impact on critical infrastructure, e.g., the road or rail network, the Swedish Transport Administration 
will be involved to support the response with information and knowledge.  

METHOD 

In total, 10 semi-structured interviews with different actors of the Swedish ER system were conducted March 
2020 - June 2021. The interviewees are presented in Table 1. Semi-structured interviews were chosen to enable 
flexibility and the opportunity for follow-up questions. An interview guide was established with open-ended 
questions regarding the ER to multiple natural hazards, e.g., which actors that are involved in the response, what 
they do, and the challenges or factors influencing the response given the specific characteristics of the scenarios. 

The interview with the PSAP was a group interview with three interviewees, while the others were individual 
interviews. The recruitment of participants was mostly done through a mix of strategic selection and snowball 
sampling as described by King et al. (2019). Although there is a risk of bias applying snowball sampling, it was 
needed due to the low experience of multiple natural hazards in Sweden.  

Table 1. Interviewee information. 

Interviewee Interview Role Affiliation 

Interviewee 1 1 Project leader & administrator MSB 

Interviewee 2 2 Operative manager FRS 

Interviewee 3 3 Fmr. Federation president FRS 

Interviewee 4 4 Operative manager FRS 

Interviewee 5 5 Preparedness coordinator Municipality 

Interviewee 6 6 Application specialist PSAP SOS Alarm 

Interviewee 7 6 Preparedness administrator PSAP SOS Alarm 

Interviewee 8 6 Preparedness administrator PSAP SOS Alarm 

Interviewee 9 7 Mitigation & preparedness manager FRS 

Interviewee 10 8 Communication & security manager Municipality 

Interviewee 11 9 Rescue chief FRS 

Interviewee 12 10 Preparedness administrator CA 

All interviews were held remotely via the meeting applications Zoom or Microsoft Teams. Remote interviews 
were chosen primarily because of the Covid-19 pandemic. In all interview sessions two researchers were present, 
one leading the interview and the other taking notes in terms of interpretations of the interviewee’s answer and 
other reflections of the interview. All interviews were audio recorded. 

In a thematic analysis (Saldaña, 2013), an initial round of preparatory holistic coding was done by listening 
through each recording and code with a short phrase to get a grasp of the content and meaning of a longer sequence. 
Using a mix between descriptive and process coding methods, more refined codes describing aspects and actions 
connected to the response were achieved. These were grouped and categorized according to similarities and 
superordinate themes were established, grouping similar second cycle codes in what could be called “categories 
of categories” (Saldaña, 2013) .  

RESULT AND ANALYSIS 

In the following section, the results of the study are presented in the themes Cooperation, Resource management, 
Command and control, Common operational picture, and Risk management. Each theme is followed by identified 
needs and suggested solutions to improve some aspects connected to the theme. 
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Cooperation 

ER in Sweden include a great deal of cooperation between different actors and hierarchical levels. At local level, 
the cooperation involves intra-municipal actors, often with the FRS or the municipality as initiator. Between the 
FRS and the municipality, we have identified two main cooperation areas: information and resources. For some 
natural hazards, especially cloudburst or river-flow triggered floods, the municipality can support the FRS with 
preventive or sanitary work by providing their resources at the FRS’s disposal. The municipality also have 
cooperation between its own departments, e.g., technology and exploitation, to work proactively against natural 
hazards. Moreover, the interviews shows that the FRS cooperates with contractors for support with preventive 
measures, e.g., digging support channels during flood risks, or preventive behavior, e.g., avoiding forestry and 
groundwork during high risk of wildfires. Post-event cooperation with landowners is important since they have 
the responsibility for the event when it is no longer classified as an emergency. 

Most counties in Sweden have a predefined regional cooperation between ER actors, especially the CA, the 
municipalities, and the FRSs. Furthermore, several larger water courses have a fixed cooperation plan between 
actors along the river, including the CA(s), the municipalities, power companies operating in the river, and the 
FRSs. They cooperate on matters like, e.g., water depletion, public communication, and common operational 
pictures (COP). County cooperation can be escalated by the CA(s) during large emergencies, who invites relevant 
expert actors. Overall, the regional cooperation has a flexible structure, where the level and size depend on the 
incident. 

Usually, regional cooperation is facilitated through a cooperation conference initiated by any public actor in the 
response system. The request is communicated to the PSAP, who invites participants determined by the initiator. 
In general, a conference is initiated when several municipalities are affected. For certain events, some counties 
have a fixed point in time when a conference should be initiated, for example when river flows reach class 2. For 
other events, e.g., drier conditions with wildfire risk, there may be preparation meetings between a few actors, 
often FRSs, for information sharing and discussion. A regular county cooperation conference will be initiated first 
when one or several fires start. The conference should establish a COP and decide upon necessary measures, 
which requires information sharing between actors. The CA often assumes the role as information hub for 
dissemination between involved actors. 

Several interviewees brought up regional cooperation between FRSs, often regarding the use of resources or joint 
command and control (C2). This type of cooperation seems to be a necessity for the Swedish ER system to 
function and is also identified as the most developed. Another approach identified was the use of cooperation 
officers representing groups of FRSs. One interviewee mentioned that their county was divided into subareas, 
with a corresponding cooperation officer representing all FRSs in the same area, for smoother communication 
between the FRSs. We also identified rationalizations between FRSs, where one filled and provided barrier 
sandbags to others during risk of river floods. 

Identified needs and support suggestions: systematic evaluation of response and cooperation 

There are several examples of cooperation networks in several counties during the response to a natural event, 
however, one FRS representative raised the lack of coordination to follow-up and evaluate ER. FRSs are obligated 
to write response reports, which can be analyzed, tracked, and compared to the decisions taken during the 
response. However, there are currently no system or application that enable such follow-ups, partly because the 
response information is decentralized between different platforms. 

Resource management 

The main pool of human resources lies within the FRSs. Their personnel all have the same basic training, to 
respond to all types of emergencies, with potential special competences, e.g., high-altitude rescue missions. Most 
personnel in the FRS resource pools constitute full time, part time, and voluntary resources divided between 
different stations. During large natural hazards, the rescue chief can activate a full alarm on one or several stations. 
Then, part of, or all, off-duty fire fighters will respond. Hence, a lot of resources are hidden and not shown as 
available in the resource management systems. 

Some FRSs reallocate equipment between stations during high risks of natural hazards. If the area near one station 
has an increased risk of high river flow or sea levels, it will be strengthened with equipment from other stations. 
However, during increased risk of wildfires, it is difficult to quantify a higher risk in one area over another, thus, 
the equipment is reallocated for equal preparedness. During larger natural events, FRSs may have a shortage of 
resources. Then, remaining resources are centralized and allocated to the most populated areas. Furthermore, 
reinforcement resources can be requested from other FRSs, other response agencies, volunteers, or from the 
national resource pool. There is also a possibility to receive aid from the Swedish Armed Forces, including both 
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human resources and equipment. 

An FRS may need response assistance at an ongoing natural event, or to maintain basic preparedness for other 
potential emergencies. Several of the interviewed FRS representatives mentioned agreements of border-less use 
of resources between two or more FRSs during shortages. Some FRSs have basic agreements to aid, while others 
have entered larger coordination clusters with unlimited access to each other’s resources and a joint C2 center.  

MSB is the broker of the national resource pools, where the three most relevant for natural hazards are: wildfire, 
flood, and aerial firefighting. The wildfire equipment is stored in 24 depots divided between 14 locations, while 
the flood equipment is placed at one location. Available aerial firefighting resources are helicopters and scooping 
airplanes, procured by MSB from contractors. However, the flying resources are only available during the standard 
fire season determined by MSB and SMHI. If several requests reach MSB, they will assess the national needs and 
decide how to allocate the resources to the counties and FRSs requesting them. 

Identified needs and support suggestions: tools to support evaluation of national reinforcement needs 

When MSB decides which actors to provide reinforcements to, they need to evaluate and compare the requests to 
identify which actors have most urgent need of the resources. We have not been able to identify any tools to 
support these decisions, although several FRS representatives interviewed demonstrate their trust towards the 
current evaluation.  

Identified needs and support suggestions: cooperation platform for reinforcement identification and planning 

Several interviewees mention that for FRS routine operations, the availability of emergency managers (rescue 
leaders, rescue chiefs) is a bottleneck. However, during larger events, general resource limits will also be reached 
and there will be a need for reinforcement resources to maintain the minimum preparedness. A shared platform 
between cooperating response actors that visualizes the resource availability can support decisions regarding when 
and from where reinforcements should be requested. 

Command and control 

During responses to natural hazards, the focus, coordination, and cooperation are based on response tactics set by 
the rescue commanders. From the interviews, there are more established tactics for wildfires compared to other 
natural hazards. One of them is called increased resource deployment, where the PSAP will deploy more FRS 
resources than normal to have a strong initial response during periods of high wildfire risk. It is also possible that 
the FRS requests assistance from flying reinforcements already at the drive-up to the incident, based on 
information in the emergency call. Another principle is to avoid unnecessary movements of firefighting units 
when the fire development changes. If possible, another unit will be deployed, combatting the fire from the 
suggested location. Since preventive fire breaks are uncommon in Sweden, the FRSs use natural ones, e.g., lakes, 
rivers, and roads. 

During large events with rapid onsets and high resource demands, the FRS and PSAP can agree to depart from 
standard deployment procedures in a municipality. It means that the backend FRS operator will not listen in on 
calls and no resources will be deployed for non-life-threatening matters. Instead, the PSAP forwards these matters 
directly to the C2 center, where sorting and prioritization is done. This type of C2 is used for natural hazards like 
cloudbursts and storms, with a lot of calls to the PSAP and with limited amount of available FRS resources. 

When managing natural hazards, response and support actors can activate a state of alert (SOA). The FRS can 
activate SOA on different hierarchical levels: at the emergency site, on local C2 level, and on regional federation 
C2 level. For larger events, the emergency site, led by the rescue leader or an appointed site leader, can be split 
into sectors led by an appointed sector leader, thus, one emergency site can consist of several C2 points. If the 
event affects several municipalities, involved FRSs may activate a shared SOA with a joint C2. 

The CAs have different alert levels; on-duty official, reinforced on-duty official, and SOA. On-duty official is the 
standard alert level, with one available official for calls from response actors or other agencies. During large 
natural hazards, the level may be raised to reinforced on-duty official and more resources are assigned. If the 
situation in the county requires emergency management on top of the municipality and FRS, the county governor 
can decide to activate SOA. At this level, all relevant functions of the CA participate in the SOA board, to manage 
emergencies and to support the municipalities and FRSs. Furthermore, the CA has the mandate to take over the 
FRS of a municipality, if it is unable to cope with an incident. It means that the CA will be responsible for all FRS 
activities in the municipality and will establish a more robust C2. However, FRS takeovers are rare, and will only 
be performed if the situation is expected to last for a considerable time. 
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Identified needs and support suggestions: tools to identify aerial reinforcement needs 

It is important to dispatch sufficient resources to limit the spread and prevent larger wildfires. One tactic to limit 
the fire is to use aerial firefighting resources, which in Sweden consists of contracted planes and helicopters. A 
tool that identifies these needs during wildfires can potentially lead to a faster limitation of ongoing wildfires.  

Identified needs and support suggestions: enable backend support from other organizations 

The main reason for FRS takeovers is the lack of C2 capability in the ordinary organization. An alternative could 
be to enable backend support from another FRS organizations with a stronger C2 center. However, this is only 
possible with compatible information systems, enabling cross-system communication and information flows.  

Identified needs and support suggestions: shared SOA between actors 

According to several interviewees, the capability of shared SOA between different actors need to increase to 
improve the ER to large-scale events. However, one municipal representative raised the fact that actors seldom 
share facilities, which hinders a shared SOA. One way to overcome the location obstacle is to enable a digital 
version of shared SOA, offering ways to cooperate without being in the same C2 center.  

Common operational picture 

Before and during responses to natural hazards, information is gathered and shared between actors to support the 
establishment of a COP. The COP is crucial for efficient cooperation, and all interviewees mentioned it 
recurrently. 

The information gathered during responses to natural hazards stretches from picking up information in the 
emergency calls to counselling with experts. This includes data from forecasts, surveillance, monitoring and 
simulations. The FRS try to seek information from different kinds of experts: event specialists from agencies (e.g., 
SMHI, SGI, CA), experts on the specific operations affected (e.g., business actors), and experts on the hazard 
surroundings (e.g., landowners). Several of the FRS representatives thought this type of information was 
extremely valuable during a response, although difficult to gather due to limited formal cooperation with some of 
the sources. 

The main sources of information for the municipalities, regarding risks and status of natural hazards, are the FRS 
and the SMHI. The FRS will share information about status and development to enable better what-if analyses 
and planning for the municipality. The municipality will then share their analysis back to the FRS as support 
during an ongoing response. The information is also used to establish a COP on municipal level. The CA gathers 
information from a list of response actors in the county. It can be done by questionnaires to the county’s 
municipalities, FRSs, and other relevant actors. The answers of the questionnaires will be input to the county 
COP, which is forwarded to MSB to establish a national COP for a specific type of event.  

The COP is also used to inform the public of the risks and status of ongoing or expected natural events. Information 
is communicated to the public during most natural events, commonly as a weather warning via the news or 
applications, but sometimes there is a need to proceed to an “important message to the public” (VMA, Swe.: 
“viktigt meddelande till allmänheten”). The VMAs in Sweden are administered by the PSAP and communicated 
through public radio and television broadcasters. The messages are used to reach the public with information 
about an ongoing emergency with risk of affecting them, as well as directions on how to act and proceed. Sweden 
also has an emergency information number for public calls to get information about an ongoing emergency, fed 
with information from the PSAP and other agencies. 

Identified needs and support suggestions: platform for regional information sharing 

Interviewees from FRS and MSB wanted more accurate, timely, and useful information sharing to assist and 
improve the response to natural hazards. Information is the basis for COPs and originates from different sources 
in the ER systems. We have not been able to identify any technology to support this gathering, which seems to be 
done manually, by questionnaires, e-mails, and telephone calls.  

Identified needs and support suggestions: tools for what-if scenario planning 

The municipality and the CA perform what-if analyses and plans for potential and worst-case scenarios as a 
support for ongoing responses to natural hazards. The analyses are used to, e.g., inform the COPs and plan the 
response cooperation by identifying further actors to involve. There is no technology to support these analyses, 
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and they are mostly done through document editors or calculus programs, e.g., MS Word or Excel. 

Identified needs and support suggestions: dissemination of information through social media 

Although there are several channels for public warnings in Sweden, it can still be a challenge to reach the younger 
generations. In a survey by the Swedish PSAP SOS Alarm (2018), 36 % of people between the ages 18-29 
preferred social media as a channel for VMAs, probably because it is their main source of interaction and 
information. This calls for a deeper analysis into the potential of adding social media as a channel for VMAs. 

Risk management 

To assess the risk of natural events, most interviewees mention the importance of a consequence-based 
assessment. All municipalities and FRSs should do their own assessment and determine whether the identified 
consequences will be difficult for them to handle. For example, 10 cm of snow in southern Sweden might have 
high societal impact, while it will be everyday business in the north. To do quality risk assessments, several 
interviewees mention the need of support from actors with more knowledge of the event type, the surroundings, 
or operations affected by the event. Such actors could be expert agencies, companies operating in the incident 
area, or affected landowners. 

Forecasts and warnings regarding natural events in Sweden are mostly done by SMHI, which monitors and 
analyzes most meteorological, hydrological, and biophysical events. Some exceptions are avalanches and 
landslides, which are monitored by the Swedish Environmental Protection Agency and the Swedish Geological 
Institute, respectively. During high risk of natural events, it is possible that the affected FRS has daily contact 
with SMHI for status and forecast updates.  

To determine the risk of wildfires most FRSs use the Fire Weather Index (FWI) provided by SMHI. The FWI is 
provided in a raster of 5X5 km, indicating the fire risk in each cell, and is updated two times a day. At certain 
levels of FWI, the municipality and the CA can impose public fire bans to limit the risk of ignition. As an 
expansion to FWI, some FRSs also use Fire Behavior Index (FBI) to get informed about the fire behavior based 
on the weather, topology, soil type, and vegetation. During high risks of wildfires, regular surveillance by aircraft 
is done depending on the risk index. The surveillance is done by a contractor procured by MSB and administered 
by the CA. During ongoing wildfires, surveillance takes place on several levels in the emergency response system. 
On a local level, the FRS surveils the fire developments to determine the spread and how to distribute resources 
among the wildfires, with possible support from the municipality for external monitoring and worst-case analyses. 
On regional and national level, the PSAP does external monitoring to identify trends and deviations regarding 
wildfires, while MSB gathers information about ongoing fires to keep track on the national wildfire situation. 

Certain natural events can be monitored using sensors and other means of surveillance. High river flow is one 
example, and FRS uses the measurement data to assess the risk of flooding. The data is collected from level 
recorders in the water course, as well as flow level forecasts provided by the SMHI. Many FRSs use flood maps, 
which visualizes the spread of water and risk of flooding at certain flow levels, for preventive barrier planning 
and identification of communities at risk. Some FRSs and municipalities also have access to flood models or maps 
for cloudbursts, visualizing the flow of water and vulnerable areas in need of protection. Some of these models 
can also identify areas under risk of subsequent debris flows and landslides. 

Identified needs and support suggestions: information flow between surveillance technology and C2 center 

Most FRS interviewees mentioned drones used for monitoring incident sites. However, the use is limited due to a 
lack of inhouse technology to transmit information between the drones and the C2 center. A more sophisticated 
information flow between the drones and the C2 center will support the understanding of the incident site, improve 
the situational awareness, and assist the establishment of COPs.  

Identified needs and support suggestions: identification of public property under risk 

The identification of critical public property at risk from a natural event was considered difficult by several FRS 
interviewees. It will set the response and preparation priority for the FRS, which mostly concerns which public 
properties to protect and is commonly set by policy decisions taken by the municipality. For slow and limited 
events, e.g., river floods, there are often preexisting checklists to support the identification, since the rivers are 
monitored and mapped. However, for rapid and expanding events, e.g., wildfires, the lack of supporting checklists 
and technologies make the analysis more difficult. It gets even more complex in multiple settings of natural events, 
where simultaneous or cascading aspects need to be considered, e.g., wildfires combined with strong winds.  
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Identified needs and support suggestions: integration of models into one platform 

FRSs use models to analyze and visualize risks of river floods, cloudbursts, and landslides. While river flood 
models are used frequently, the active use of cloudburst models for improved prioritization is limited due to lack 
of model knowledge in the organizations. According to the interviewee from MSB, the narrow scope of 
technological solutions prevent usage by the FRS, as it is difficult to learn too many systems.  

CONCLUDING REMARKS 

This paper set out to address a perceived research gap where current technical solutions for handling of multiple 
natural hazards are not connected to the reality and needs of practitioners. To apply the practitioner/end-user 
perspective is something we deem crucial in a society where the hazards will likely increase, not the least due to 
climate changes. The empirical sample of 12 interviewees covers long-term experience of response to natural 
events at several leader positions in response organizations and federations. The sample is also spread over several 
parts of Sweden with different characteristics and challenges connected to natural events, making it sufficient to 
study the needs for improved response. A larger sample would arguably give more detailed insights into ER to 
natural hazards, but for a holistic perspective, the current was considered sufficient. Although the study case is 
the Swedish ER system, countries with the same ER governance structure, or with the same inexperience of 
multiple natural hazards, can gain insights from this study. However, studies into the needs of other countries for 
improved response to natural hazards are recommended, as it provide deeper insights and enables comparison 
between cases.  

The paper illuminates a lack of technology to support decisions and analyses during emergency response to both 
single and multiple natural hazards. Even fundamental activities, e.g., information sharing and the establishment 
of common operational pictures (COPs), are mostly done manually through e-email, text-editors, or even verbally, 
which is surprising. The use of technology is not only a valuable support for decisions and analyses of emergency 
response, but it can also provide situational understanding and insights between response actors, with the potential 
to enhance and develop cooperation, coordination, and integration in the response system. The findings of this 
paper can inform policy makers and managers in emergency response systems of what challenges and needs to 
expect due to the threat of increased frequency and severity of natural hazards. The paper contributes to address 
the gap on how to manage multiple natural hazards, by describing the current management, identifying needs of 
information and decision support systems, and suggesting possible solutions. The findings can inform the 
scientific community of future research directions, and in this way encourage development of solutions to the 
identified needs. 
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ABSTRACT 

Societies need the ability to respond to crises such as terrorism, pandemics and natural disasters. Hence, it is 
essential to ensure that the capability of crisis management is attained, maintained, and developed. Since large 
crises cannot be handled by single organizations, collaborative crisis management capability is needed. The 
objective of this work was to provide support by an instrument for assessment of collaborative crisis management 
capability. The work was iteratively performed in a workgroup. The outcome was two templates with sets of 
generic questions, one for assessment of the actual capabilities and one for assessment of the preconditions of the 
capabilities. The templates mainly focus on assessment of collaborative crisis management capability. However, 
since the questions are generically formulated, they should be usable for assessments of any type of crisis 
management capability.  

Keywords 

Capability, crisis management, inter-organizational, validation 

INTRODUCTION 

Managing severe crises such as terrorism, pandemics, natural disasters, and other types of large scale accidents 
put significant demands on society. Since large scale crises cannot be handled by a single organization 
collaboration between actors is required to respond to the situation. Crisis management exercises are important 
measures for ensuring that the collaborative aspects of crisis management are attained, maintained, and developed 
(Borell and Eriksson, 2013).  

A body of work has been performed to describe the collaborative capabilities that are needed for efficient crisis 
management. Hallberg et al. (2014) described eleven capabilities needed for crisis management in local 
community settings. Granåsen et al. (2019) identified nine themes of capabilities for inter-organizational crisis 
management. In the context of the aviation security community, Beaton et al. (2010) proposed 13 capabilities for 
joint crisis operations systems. Greenberg et al. (2016) identified capabilities in the context of disaster and oil spill 
responses, which they categorized as functional, managerial, and as capabilities that enable adaptability and 
flexibility. Olsén et al. (2020) identified 14 capabilities as critical for collaboration between organizations that 
jointly manage crises responses. These capabilities were divided into four core capabilities that constitute the 
actual crisis management, and further in six supporting, and four enabling capabilities that are critical for 
achieving and maintaining the core capabilities.  
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Even though the capabilities described in the literature are differently defined and based on various theoretical 
frameworks, they embrace important aspects of crisis management. However, to enable any set of capabilities to 
actually provide efficient support for evaluation of crisis management, either in the form of exercises or real crisis 
management efforts, a viable methodology for assessing performance with a focus on achieving the capabilities 
is needed.  

General methodology for assessment comprises methods for data collection and analysis. Typical methods for 
data collection are questionnaires, interviews, observations, video recordings, recordings of communication, 
logging of data communication, and performance measures, e.g. performance time and frequency of actions 
(O’Brien and Charlton, 1996; Stanton et al., 2005). All these measures are applicable when the researcher has the 
possibility to prospectively plan the data collection before the evaluation, which is generally the case when crisis 
management exercises are assessed. However, crisis management assessments of actual events are mainly 
performed retrospectively after the event is completed, which means that the tool box with applicable methods 
for data collection is more limited. This was confirmed by analysis of data collected in a literature review of crisis 
management assessment, which showed that experience reports and other documentation was the main source of 
information for analysis of real crisis management efforts (Granåsen et al., 2019). Interviews and questionnaires 
were used for both types of assessments, while observations and recordings were mainly used for assessment of 
exercises. 

Thematic analysis is a frequently used method for analyzing qualitative data, for example from interviews, 
questionnaires, observations, and document analyses. In principle, this means that the material is categorized into 
different themes (Braun and Clarke, 2006). Granåsen et al., (2019) found frequent use of Social Network Analysis 
(SNA) in evaluations of crisis management, which is a mathematical method that maps how communication is 
performed and identifies specific roles of different actors in the communication (Houghton et al., 2006).  

The objective of the work presented in this paper was to develop an instrument in the form of generic questions 
to support assessments of collaborative crisis management capability. The instrument should be applicable to 
assessment of collaborative performance, that is, how well collaborative capabilities are achieved in exercises and 
operations.  

METHOD 

The work was performed by three researchers in three steps: exploration of possible alternatives, formulation of 
assessment questions, and refinement of the assessment questions. Step one was performed individually by each 
researcher generating an alternative set of questions. Step two and three were performed iteratively in the form of 
workshops where all three researchers participated. 

Step one – Exploration of possible alternatives 

As a starting point for the work, three alternatives for questions to assess collaborative crisis management 
capability were formulated.  

Alternative 1: Formulation of generic questions. This started with thoughts about the critical incident technique 
formulated by Flanagan (1954), which emphasized the need to focus on the most important factors in order to 
succeed with an activity, as well as the most hampering factors. The ideas of Flanagan (1954) have been further 
elaborated to guide questions for elicitation of requirements and improve quality of service (Ölvingson, Hallberg, 
Timpka and Greenes, 2002). 

Alternative 2: Mapping of established methodology for validation of crisis management and similar types of 
validations suggested in the literature. This resulted in more than 1 000 capability specific questions and specific 
methods for data collection for each question.  

Alternative 3: A hierarchical task analysis approach, as suggested by Hollnagel (2012), was used to divide each 
capability into subtasks based on the capability descriptions. These subtasks were in turn divided into a second 
level of subtasks. Finally, questions were formulated to evaluate the achievement of capabilities according to these 
subtasks, which resulted in approximately 100 questions.  

Step two - Formulation of assessment questions 

By a number of iterations in the form of workshops, the three researchers categorized, validated and compared 
the material of the three alternatives. After a number of iterations this converged into categories of general themes 
of questions with relevance for assessment of crisis management capability. An insight from alternative two and 
three in step one was that formulating specific questions for each capability would lead to an assessment 
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methodology with too many questions, which in practical terms would be unusable as a guideline for any 
assessment. This illuminated the need to formulate generic questions, which would be applicable to assessment 
of any crisis management capability with focus on collaborative work. This resulted in a preliminary set of generic 
questions and follow-up questions with relevance for assessment of crisis management capabilities.  

Furthermore, three important preconditions for achieving crisis management capabilities were identified in the 
literature. These were: routines, technical support systems, and competence. A number of generic questions for 
the preconditions of crisis management were accordingly formulated. 

The result was two generic question templates, one for assessing crisis management capabilities and one for 
assessing preconditions of crisis management capability. 

Step three - Refining the assessment questions 

The final step consisted of refining the generic question templates. This was conducted by applying the questions 
to a number of capabilities, based on the framework by Olsén et al. (2020). This resulted in minor revisions of the 
questions in the templates. 

RESULTS 

Capability assessment examples found in the literature include both the capabilities themselves and the 
preconditions for the capabilities. Thereby, the work resulted in two templates of questions for assessment of crisis 
management capability. The first template contains questions about the extent to which the crisis management 
capabilities were achieved. The second template contains questions related to the preconditions for achieving the 
capabilities.  

The two templates are described in separate sections below. Each description is complemented by a subsection 
describing the rationale for the included questions, where each question is exemplified by the capability described 
by Olsén et al. (2020) as establish and share a common direction. 

Template one – Achievement of collaborative crisis management capabilities 

The questions focus on assessment of collaborative crisis management capability. However, since the questions 
are generic, the same questions can in principle be used for validation of any crisis management capability. 
Therefore, the presentation of the questions in the template also follows a generic format. This means that the 
letter c within angle brackets <c> can be exchanged with the name of any capability. 

Four questions and follow-up questions were identified to assess to what extent the crisis management capabilities 
were achieved. 

1. To what extent was the capability <c> achieved?

a. Describe situations when lessons can be learned regarding the capability.

b. How important was the capability in different phases of the crisis response?

c. How did the capability change during the crisis response?

2. In what respect did the capability to <c> work particularly well?

a. What was/were the reason/s for this?

b. What positive effects did this have?

3. In what respect was the capability to <c> insufficient?

a. What was/were the reason/s for this?

b. What negative effects did this have?

4. How can the capability to <c> be maintained and developed?

Rationale for questions on crisis management capability 

This section describes identified rationales (italicized) for the questions of achievement regarding the crisis 
management capabilities.  

1. To what extent was the capability to <c> achieved?
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The rationale is to assess whether the capability occurred during the exercise or crisis management 
effort. 

1.1 Describe situations when lessons can be learned regarding the capability. 
The rationale is to obtain an understanding of the situations in the exercise, or actual crisis 
management effort, where the capability is required. This comprises colleting enough 
information about how the crisis management was performed, in order to make it possible to 
gather experiences and implement these into learning in the crisis management system. This 
can be achieved by descriptions of, for example, which work tasks or problems that could be 
solved, how the work was organized (number of personnel, division of labour, roles, etc.), used 
methodology (methods, processes, procedures, routines), available technical support systems 
(communication and information systems), and the competence and experience of the personnel. 
For example, to what extent was the capability to establish and share a common direction 
achieved? 

1.2 How important was the capability in different phases of the crisis response? 
The rationale is to obtain an understanding of the phases where the capability was most 
important for the crisis management effort. The importance of certain capabilities may vary 
between different phases of crisis management efforts. 

1.3 How did the capability change during the crisis response? 
The rationale is to obtain an understanding of how the capability changed during the crisis 
management. Achievement of certain capabilities may change between different phases of crisis 
management. One reason for this may be that the actors  adapt their working methods or 
organization as a result of experiences from the exercise or crisis management effort. Such 
experiences can be important sources of knowledge to increase future capability. 

2 In what respect did the capability to <c> work particularly well? 
The rationale of this question is to create an understanding of what worked particularly well during the 
exercise or crisis management effort and therefore  ensure that this will also work in future exercises or 
crisis management efforts. For example, in what respect did the capability to establish and share a 
common direction work particularly well?  

2.1 What was the reason for this? 
The rationale is to obtain an understanding about why certain aspects of the capability worked 
well. 

2.2 What positive effects did this have? 
The rationale is to obtain an understanding about why it is important to maintain these aspects 
of the capability. 

3 In what respect was the capability to <c> insufficient? 
The rationale is to obtain an understanding of what needs to be improved or developed in relation to the 
capability. For example, in what respect was the capability to establish and share a common direction 
insufficient? 

3.1 What was the reason for this? 
The rationale is to obtain an understanding about why certain aspects of the capability did not 
work properly. 

3.2 What negative effects did this have? 
The rationale is to obtain an understanding about why certain aspects of the capability need to 
be further developed and improved. 

4 How can the capability to <c> be maintained and developed? 
The rationale is to obtain suggestions for how the capability can be maintained and further developed. 
For example, how can the capability to establish and share a common direction be improved? 

Validation template two – Preconditions for collaborative crisis management capabilities 

Three main preconditions for crisis management capability were identified: routines, technical information 
systems, and competence. Important aspects were included for each precondition. 

Routines comprises routines for collaboration between organizations. These include procedures for the 
organization of collaboration between actors involved in crisis management, for example how collaboration 
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should be activated and maintained, how a collaborative function should be created, how support of this function 
should be organized, how information is supposed to be exchanged between different actors, and lists with contact 
information to all involved actors. Routines can also include specific user instructions for certain communication 
systems, such as the use of certain communication groups in radio systems. 

Technical support systems comprises different types of equipment and infrastructure that are needed for efficient 
collaboration during crisis management. This can, for example, comprise locations for collaborative staffs, 
communication systems (e.g. phones, chat, e-mail, radio communication systems, video conference systems), 
encryption solutions (for secure communication of confidential information), equipment for visualization (e.g. 
whiteboards, flip charts, maps, projectors, interactive whiteboards), and computerized support (e.g. word 
processors and spreadsheets, but also designated C2-systems). 

Competence comprises several aspects of knowledge and skills that are needed for efficient crisis management, 
for example knowledge (of the crisis management system, use of routines, use of technical support systems, of 
how to handle the actual crisis), intellectual skills (e.g. the capability to plan and reflect on implemented actions), 
social skills (e.g. leadership, communication, cooperation), emotional competence (e.g. attitudes, norms, values), 
personal competence (e.g. accuracy, diligence, swiftness, reliance), and developmentally related competence (e.g. 
the ability to identify ways to develop the work) (Ellström, 1992). 

The template was generically constructed according to the same pattern as the validation template for assessments 
of the capabilities. Thus, also in this template, <c> can be exchanged with any capability and <p> with any 
precondition.  Further identified preconditions can also be inserted and replace <p> in the template. The template 
consists of four generic questions about preconditions for crisis management capabilities. 

1. To what degree did the <p> needed for the capability <c> exist?

2. Were available <p> used to achieve the capability to <c>?

2.1 If not, why? 

3. Did available <p> work regarding the capability to <c>?

4. How can the <p> in relation to the capability to <c> be improved?

Rationale for questions on preconditions for crisis management 

This section describes identified rationales for purposes and consequences (italicized) of the questions regarding 
the preconditions for crisis management. Each question is exemplified by the same capability as in template one, 
establish and share a common direction, and with the precondition routines. 

1. To what degree did the <p> needed for the capability <c>exist?
The rationale of this question is to create an understanding of whether a certain precondition for a
capability existed or not. For example, to what degree did the routines needed for the capability establish
and share a common direction exist?

2. Were available <p> used to achieve the capability <c>?
The rationale of this question is to create an understanding of whether a certain precondition that was
available for achieving a certain capability was used. For example, were available routines used to
achieve the capability to establish and share a common direction?

2.1 If not, why? 
The rationale of this question is to create an understanding of why a certain precondition for 
achieving a capability was not used, for example why available routines for having the 
capability to establish and share a common direction were not used. This is also important in 
the perspective of the crisis management system as a sociotechnical system, as human flexibility 
and adaptability may conceal deficiencies in the system. 

3. Did available <p> work regarding the capability <c>?
The rationale of this question is to create an understanding of whether a certain precondition for a
capability did work. For example, did available routines work regarding the capability to establish and
share a common direction?

4. How can <p> in relation to the capability <c> be improved?
The rationale of this question is to create an understanding of how a certain capability that is needed to
achieve a certain capability can be improved. For example, how can the routines in relation to the
capability to establish and share a common direction be improved?
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DISCUSSION 

The ability to assess collaborative crisis management capability is critical, since both deficiencies and advantages 
that are identified during collaborative exercises can provide significant information for the development of the 
crisis management system, and may thus lead to enhanced crisis management capability. The aim of the questions 
proposed in this paper is to extract information of whether a certain capability is accomplished or not, to obtain 
an understanding of needs for improvement and of how improvements can be accomplished. Hence, obtained 
information should make it possible to direct the development of the crisis management system towards aspects 
with the best potential for improvement. This means that the validation templates should provide a requirements-
oriented methodology for increasing and developing collaborative crisis management capability.  

It may be advantageous to use the template with questions on preconditions for crisis management capability 
(routines, technical support systems and competence) even before the start of an exercise or in-between crises, for 
instance to collect information on whether there are enough routines, competence, and technical support systems 
to compile and share an operational picture. However, this is dependent on which capability the questions focus 
on as well as the circumstances of the exercise. It may, for example, not be evident if a precondition is satisfactorily 
fulfilled before it manifests, or fails to manifest, itself by its effects on the achievement of a capability in the 
exercise. The evaluation template with questions about the actual achievement of the crisis management 
capabilities should mainly be answered during or after an exercise. 

Furthermore, the preconditions template also aimed to contribute to a deeper understanding of the meaning of 
problems related to the achievement of capabilities. The three preconditions routines, technical support systems, 
and competence were included because they were identified as relevant in the literature review about 
methodologies for validation of crisis management and provide a relatively simple way of envisioning the crisis 
management system as a sociotechnical system. However, since the template is generic, other preconditions that 
might be identified as relevant for a certain evaluation may very well replace or complement the present 
preconditions. 

The crisis management system is a sociotechnical system, meaning that if a certain part of the system is identified 
as insufficient, this may be a consequence of deficiencies in other parts of the system. For example, a technical 
support system may be experienced as insufficient if the users have not received enough training or education on 
how to use the system. In contrast, deficiencies in a system may not be revealed if they are or concealed, i.e. 
compensated for, by human flexibility and adaptability. 

The overall objective of the two templates is to provide a generic framework for assessment of collaborative crisis 
management capability and the required preconditions. Since the questions are generically formulated they should 
be usable for assessments of any type of crisis management exercise, i.e. independently of the purpose or form of 
the exercise. However, the questions may need to be adapted to fit specific exercises.  

Since this is preliminary work, specific methodology for collecting information has not been devised, which 
means that the validation templates have not been empirically tested. However, the intention is primarily to utilize 
established methods for data collection, such as questionnaires, interviews with participants and observations 
(O’Brien and Charlton, 1996; Stanton et al., 2005). The choice of methods for data collection during collaborative 
exercises will largely be dependent on what resources are available for assessment as well as the availability of 
the exercise participants.  

CONCLUSION 

The ability to assess the capability of crisis management systems is essential, both for ensuring sufficient 
capability and for developing the ability. The two templates provide a set of generic questions that could be used 
to direct the focus of evaluations towards essential capabilities. This focus is, however, broader than the 
capabilities themselves since it also zooms in on critical aspects that constitute the prerequisites of the capabilities. 
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ABSTRACT 

Large and small incidents challenge emergency services around the world. Regardless of the size of the incident, 
command and control (C2)-systems are used to manage the situation, allowing a rapid and coordinated 
intervention. As all implemented actions result from the outputs of C2-systems, they are a fundamental component 
of the response. That is why they must be highly reliable and efficient. A research initiative is therefore addressing 
the approach of evaluating C2-systems on a scenario basis and using key performance indicators (KPI). To ensure 
that the KPIs can be applied to any form of incident control, a generic C2-system was developed by comparing 
and merging six German- and English-language C2-systems as well as one international standard. With this step, 
a comprehensive and detailed C2-system was developed, which is presented in this paper. 

Keywords 

C2-System, command and control, process, comparison, evaluation. 

INTRODUCTION 

Command and control (C2)-systems provide an important foundation for resilience and the management of 
emergencies and crises. By using their guiding results, e.g., decisions and plans, incidents can be steered in a 
suitable direction to appropriately cope with them. Moreover, poorly performing command and control systems 
can lead to negative developments of incidents, such as the loss of property, resources and life. Examples from 
the past have shown that an adaptation of C2-systems has been reactive. In other words, adaptation happened only 
after a critical event showed that a necessary adjustment had to be made to the C2-system. This was clearly 
demonstrated by the “Heath Fire” (vegetation fire) in northern Germany in 1975. A non-unified command system 
at the time led to a loss of control of the large incident, which spread out of proportion and even caused the death 
of five firefighters (Deutscher Städtetag, 1976). Subsequently, a standardized Germany-wide C2-system for the 
fire service was developed (Ausschuss Feuerwehrangelegenheiten, Katastrophenschutz und zivile Verteidigung, 
1999). Accordingly, it is important to optimise C2-systems . This should be done before any weaknesses become 
apparent during a real event. 

To develop or adapt C2-systems in a better and more targeted manner, it is obligatory to objectively evaluate their 
components. This is because only accurate feedback of the performance enables the necessary adjustment of set 
screws. In order to examine the relevant components, the system must first be broken down into its individual 
parts. This makes the interdependencies clear and shows where performance can be measured accordingly. Since 
there are a number of different C2-systems worldwide in use, such as the American Incident Command System 
(ICS) or the German “Command and Control System 100” (FwDV 100), it is first necessary to develop a C2-
system that is universally valid. This universally valid C2-system represents the best-known components of 
existing C2-systems. Thus, it can be stated that generic properties exist in all C2- systems, which are sometimes 
presented differently, but are the same in their effect. One example of this is the C2-process, which in FwDV 100 
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closes with the order to the tactical unit, but in ICS closes with the dissemination of the Incident Action Plan 
(Federal Emergency Management Agency, 2017). In both cases, the final step has the goal of implementing plans 
that have been developed. Therefore, the final step can also be called "implementation" in a generically valid way. 

In constructing the generic C2-systems, it became apparent that the different C2-system approaches have various 
strengths. For example, the German FwDV 100 is designed primarily for smaller firefighting operations. The ICS, 
on the other hand, can be applied much better to large and growing incidents with the need for interorganizational 
cooperation. And the British system includes the approach in which natural decision making can also be applied, 
instead of analytical decision making (The Stationery Office, 2008). This approach allows experienced decision 
makers to bypass the analytical decision process and make time-saving decisions directly based on past 
experience. All in all, the development of a generic C2-system not only provided the basis for an objective 
evaluation, but also enabled the development of a comprehensive C2-system that combines the components and 
strengths of existing C2-systems. 

BACKGROUND 

C2-systems can already be identified in early military history. Popular considerations are known from the military 
practitioners as well as strategists Sun Tzu (about 534 BC - 453 BC) and Carl von Clausewitz (1780-1831). Their 
observations and findings can still be recognised today in modern C2-systems. The systems have gained their 
present form through empirical observations and theories based on them - but that also makes them very 
simplified. A good example of this is the OODA (observe – orient – decide – act) model from the US Air Force 
Colonel John R. Boyd. It becomes clear that a simple model may not be able to cover all the demands of C2-
systems (Richards, 2020). Nevertheless, these models provide an excellent basis for the use of the basic concept 
in many areas. A comparison of different models for more detail and further use in research was already carried 
out in 2007, when four different models were examined (Stanton et al., 2008). In concrete terms, however, this 
study was not about actively used C2-systems but about theoretical models that had different focuses: process 
model (Lawson, 1981), contextual control model (Hollnagel, 1993), decision ladder model (Rasmussen, 1974) 
and functional model (Smalley, 2003). As a result of the comparison, a generic C2-system was created that 
combined the properties of all models. A review of models and theories of different types was also conducted by 
the United States Army Research Institute. However, this work did not result in a direct comparison and synthesis 
of a generic system (Crumley & Sherman, 1990). In contrast to the scientific works mentioned above, the 
comparison in this paper is not based on theoretical models with different focuses but on entire C2-systems in the 
domain of emergency services. In model terminology, this focus could also be called an operation model. 

METHODOLOGY 

C2-systems are very complex because, in addition to theoretical constructs like command structures, they also 
include components such as technologies or the most complex component: humans. Nevertheless, in order to gain 
access to the processes within a C2-system, the whole system has to be abstracted and modeled. The processes in 
C2-systems are too complex to be grasped as a whole and as they exist in reality. Here we make use of the 
abbreviation feature of models, which states that the model only contains those attributes of reality that appear 
relevant to the user (Lenk & Ropohl, 1978, p. 246; Stachowiak, 1973, 131 ff.). The strengths of a model with the 
most important components can later be used to simplify the identification of key performance indicators (KPI). 
Two research approaches for creating a model are used: “general systems theory” as well as “cybernetics”.  The 
research design is based on a comparison by criteria. 

General systems theory is aimed at an interdisciplinary integration of the different scientific disciplines to explore 
complex constructs (Zahn, 1972, 8 ff.). Research in the area of C2-systems often focuses on the interaction of 
human-machine-environment (Gißler, 2019, p. 21). It is clearly evident that at least these three superordinate 
systems are involved. The subordinate systems can also be divided into further sub-systems. Since “general 
systems theory” aims to combine knowledge from different scientific disciplines and to represent the complex 
interrelationships of reality, it is a suitable approach for composing generic C2-systems. Cybernetics can be seen 
as a mapping tool of general systems theory, as it deals with the study of systems of any kind that receive, store 
and process information to carry out control on a target system (Thomas, 1978, p. 56). 

In order to be able to describe the required model, it must first be delimited and it must be determined which 
interactions exist with the environment. For this delimitation, NATO C2-system research can be used, since a 
system construct with various boundaries has already been defined here. In the document “Code of Best Practice 
for C2 Assessment”, a distinction is made between different evaluation boundaries, which can simultaneously 
delimit a model (NATO, 2002, p. 92):  
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Table 1: Different system boundaries 

Dimensional Parameter (DP) focus on the properties or characteristics inherent in the physical C2-
systems 

C2-Subsystems (MoP) focus on internal system structure, characteristics and behavior 
(Measures of Performance) 

C2-Systems (MoCE) focus on the impact of C2-systems within the operational context 
(Measures of C2 Effectiveness) 

Force (MoFE) focus on how a force performs its mission or the degree to which it 
meets its objectives (Measures of Force Effectiveness) 

Environment (MoPE)  focus on policy and societal outcomes (Measures of Policy 
Effectiveness) 

For the model (the generic command and control system) that has to be constructed, it makes sense to set the 
model delimitation at the C2-system (MoCE) as “external forces” obtain their instructions and orders from the 
results of the C2-system.  How well or badly the external forces perform the given tasks is no longer directly in 
the area of influence of the C2-system. Nevertheless, the C2-system interacts with the forces by issuing tasks or 
receiving reports, so it interacts indirectly with the environment in this way. The C2-system can also interact 
directly with the environment by extracting or issuing information directly, for example by publishing public 
information messages.   

Figure 1: Limits of the system under evaluation 

As a result of this delimitation, the target model contains all components that are 

- physical properties or characteristics of the C2-system (in German C2-system research, these
components are also called “devices for command and control” (Ausschuss Feuerwehrangelegenheiten,
Katastrophenschutz und zivile Verteidigung, 1999, 43 ff.)),

- structures, characteristics as well as behaviors of the C2-system,
- and parts that influences the actions of the force and their operational effects on the environment.
- [These components are also considered as criteria extracted from existing C2-systems]

The next main step for the result described in this paper was to construct the C2-system as a process and within 
these boundaries so that it is coherent in its components and universally valid. Universally valid means in this 
context that its components are generic and occur in real systems. The generic C2-system thus enables the 
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evaluation of any C2-process, regardless of which system is used to carry command and control out. For this 
purpose, the method of a comparison by criteria was used. Each C2-system examined was analyzed according to 
the criteria that resulted from the delimitation presented above. If a component that met the criteria was identified, 
it was included in the generic C2-system. Each component within the generic system has been marked so that it 
can be traced back to its source system, for example to the “Incident Command System” (ICS) from the USA. If 
a component occurred in several systems, it was marked with all of these source systems. In this case, the wording 
has been partially adapted to make it universally accepted.  

After the generic C2-system was constructed according to the comparison by criteria, it was presented in a group 
interview to 4 experts, who were asked to confirm the validity of the system. All of the experts were from the 
emergency response sector (fire/ambulance service) and were qualified to act as incident commanders. They also 
had between 8 and 30 years of experience in the function of an incident commander. Two of the experts are also 
involved in the international standardization on emergency and crisis response. In conclusion, the generic system 
was considered by the experts to be valid and internationally applicable. Minor comments were made on the 
wording of individual components. The amendments corresponding to the comments were also marked as well as 
commented and the interview is video-logged to guarantee traceability. 

C2-SYSTEMS SELECTED FOR THE CRITERIA-BASED ANALYSIS 

There are many C2-systems in use worldwide. They can be different because of the region, but also because of 
the organization or sector. For example, on the one hand in Germany the FwDV 100 is in use to manage emergency 
operations of the fire service, on the other hand in the United Kingdom the “Fire Service Manual – Fire Service 
Operations – Incident Command” is the fire brigade's key document for C2-systems during the management of 
incidents. Furthermore, emergency response and military, for example, can be described as different sectors. Both 
sectors have high-performance C2-systems that differ in some ways. Nevertheless, it is easy to find overlaps, as 
the systems are often based on the same principles. This is evident because many first responder C2-systems have 
been adapted from military C2-systems that existed previously. 

Because C2-systems can come from so many different regions or sectors, it is important to clarify which systems 
have been used to compose a generic C2-system. This is the only way to determine what the general validity refers 
to and how it should be assessed. In the construction of a generic command and control system as described in 
this paper, C2-systems used in the emergency response sector and originating from the German- or English-
speaking regions were included. Finally, the international standard ISO 22320, which deals with guidelines for 
incident management, was also included. In detail, the following documents were used for the development of the 
generic C2-system:  

- Leadership and Command in Emergency Operations, Command and Control System [Germany]
(Ausschuss Feuerwehrangelegenheiten, Katastrophenschutz und zivile Verteidigung, 1999)

- Coordinated Incident Management System [New Zealand] (Officials’ Committee for Domestic and
External Security, 2019)

- Incident Command System [United States of America] (Federal Emergency Management Agency, 2017)
- Fire Service Manual, Volume 2, Fire Service Operations, Incident Command [United Kingdom] (The

Stationery Office, 2008)
- Führungsbehelf, engl. Command-aid [Switzerland] (Bundesamt für Bevölkerungsschutz [BABS], 2010)
- Richtlinie für das Führen im Katastropheneinsatz, engl. Guideline for leading in disaster operations

[Austria] (Bundesministerium für Inneres, 2007)
- ISO 22320:2018 - Guidelines for incident management (International Organization for Standardization,

2018)

As described in the methodology section, these documents were analyzed and a generic management system was 
synthesized according to the criteria. The visualized procedure can be seen in Figure 2. 
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Figure 2: Procedure of development of the generic C2-system 

THE GENERIC C2-SYSTEM 

Due to the many source systems, the generic C2-system has become a complex model. However, this is not a 
disadvantage, since it is supposed to represent a complex process and does not have to cover the requirements of 
a didactically applicable model for teaching. Rather, it should offer a variety of approaches for research. For 
example, it offers an easy way to compare which components are present in a specific C2-system in contrast to 
others, i.e. to the generic one. It also offers the possibility of identifying KPIs that are universal to all C2-systems, 
not just applicable to the process of a specific one. Because of the complexity, figure 3 shows an overview of the 
generic C2-system. The following sections go into more detail on the individual components (A–G). Particular 
care has been taken to build the C2-system as a process. It is expected to make it easier to use when evaluating 
realistic exercises, because during these exercises, information can be seen as goods that go through the process 
of the C2-system until it is brought together in an action. 

Figure 3: Simplified overview of the generic C2-system 

As shown in Figure 3, the process of the generic C2-system consists of 7 main process steps (A-G). The beginning 
of the process is the component “Situation”. The process is constantly repeated and can be applied at different 
levels of command. Due to its composition from different systems, the process can be applied to all sizes of 
incidents, such as small “one unit operations” or large disasters that require a large number of emergency 
personnel from different organizations. 

Process steps shown in dashed lines are not mandatory. Depending on the situation, they may or may not be 
applicable. One example is the "transition to recovery". This step is shown as an outgoing one, because after the 
situation assessment, it may become apparent that the recovery (demobilization planning of resources etc.) can be 
initiated. Also, the various meetings after the process steps are not all mandatory. If there is only one incident 
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commander who has not established additional command staff and handed over tasks, the situation briefing as 
well as strategy- and tactics meeting do not have to take place. As the operation briefing has a key function in the 
handover of tasks, it should always take place. For example, even if in a one unit operation where the unit leader 
(who in that case is also incident commander) gives tasks to the personnel of the unit. 

There is a textbox in the middle of the process that shows negative or positive effects on all process steps. On the 
one hand, the nature of the incident (environment) may complicate parts of the C2-process. On the other hand, 
technical devices can support command and control and improve information processing, for example. In 
particular, the British (The Stationery Office, 2008) and New Zealand (Officials’ Committee for Domestic and 
External Security, 2019) C2-systems have contributed the “environment effects” to the process. It must be taken 
into consideration that geographical size, severity, complexity, moral pressure as well as change per time have an 
impact on the implementation of the C2-process. The German system sees technical devices as an important part 
of a C2-system and mentions their facilitating effects on information gathering, -processing and -transmission. 
Since the evaluation with the generic C2-system will be carried out scenario-based in the future, these parameters 
must be taken into account. 

A: Initial Situation Assessment and Response 

Almost all analyzed C2-systems include an initial situation assessment with initial actions, which has to be 
undertaken. A very concise example of this is the initial phase of “Planning P” from the ICS. Only the German 
and British systems do not explicitly mention any initial measures in the command process. The initial measures 
were included in the generic C2-system in such a way that they contain the most important characteristics of the 
initial phases from the analyzed C2-systems. Three primarily phases were identified: 

- Initial Situation Assessment
- Immediate/First Actions
- Initial Situation Briefing

The Initial Situation Assessment is particularly necessary when the situation is very dynamic. The assessment can 
be quick and basic at first, in order to identify the preliminary circumstances. A more precise examination of the 
situation should follow after the initial actions have been started. First actions can be preparatory measures for 
obligatory actions. The primary goal is to gain time and remain capable of acting. A simple example of this is the 
arrival of a fire engine at a road traffic crash. The incident commander (IC) very quickly identifies the accident in 
the area of fast moving traffic. In order to protect further actions, the IC immediately orders the units to close off 
the road while a more precise assessment of the accident vehicle is carried out. After the road closure, the IC has 
gathered more information and can give more precise orders for the next steps. The IC has more personnel 
resources, as the roadblock has already been carried out, and at the same time the incident site is safe for 
emergency operations. The layout of the Initial Situation Assessment can be seen in Figure 4. 

Figure 4: Components of the Initial Situation Assessment 

B: Situation Assessment 

As soon as there is enough time, a full Situation Assessment should be carried out. This is a process part of each 
of the C2-systems analyzed. However, even with extended situation assessments, it is often pointed out that 
information is not necessarily complete when decisions have to be made. Decision-makers need to achieve a 
balance between information gathering and timely use. Information can be divided into information about the 
incident and self-information. Self-information is, for example, information about resources and conditions of the 
organization. A comparison of the target and current state can be carried out, especially with incident information. 
For example, questions such as “What is the deviation from the target situation and how can it be handled?” 
should 
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be addressed. Please note that the Situation Assessment should be carried out as continuously as possible. If 
circumstances occur during the Situation Assessment that require immediate action, it is possible to jump to 
process point “Immediate Actions”. 

Once information has been collected, it must be processed accordingly. The cycle shown in Figure 5 is used to 
illustrate the processing. The information collected should be checked for relevance, accuracy as well as timeliness 
and should then be verified and, both input and output, should be documented. If the information is to be shared 
internally or externally, it must be prepared for sharing. This may involve, for example, adapting the vocabulary 
for a wider target audience. The next step is to share information. For successful incident management, it is 
particularly important to provide information to own staff and to cooperating organizations. To ensure information 
reliability, confirmation of receipt and understanding should always be provided by operating personnel. 

Figure 5: Components of the Situation Assessment 

C: Choose Management Style and Decision Making Process 

After the Situation Assessment, how the operation should be led must be determined: The management style and 
the decision-making mode that will be used must be selected. In parallel to the German system, the British system 
is very much concerned with different management styles. With various management styles, it is possible to 
involve personnel differently (Ausschuss Feuerwehrangelegenheiten, Katastrophenschutz und zivile 
Verteidigung, 1999, 8 f.; The Stationery Office, 2008, 116 f.). In general, a distinction can be made between 
directive, cooperative, advisory/accompanying and guiding/encouraging management styles. The management 
styles have their focus on the different aspects task fulfillment, needs of the group and needs of the individual. A 
clear example is the distinction between directive and encouraging: Whereas in directive management style, the 
focus is solely on task fulfilment, with no attention paid to any needs of the group or the individual, with the 
encouraging management style the focus is the other way around - on the group. With the directive method, staff 
carry out tasks on order without being able to contribute much themselves - the strength here lies in the rapid 
execution. The encouraging management style, on the other hand, takes time, as the group itself finds the 
motivation to solve the problem. In return, self-realization, learning and understanding are greatly increased. 

In addition to the management style, the decision-making mode must also be chosen. Only the British system 
considers the experience-based decision-making process - all other systems only use the analytical way. However, 
considering the analytical approach alone is unrealistic, as research has shown that experienced leaders often 
choose the experience-based decision-mode (Klein, Orasanu, Calderwood, & Zsambok, 1993, p. 139). They do 
this for one simple reason: The experience-based way of decision-making is much faster. The choice of decision 
mode is usually made on the basis of the following conditions: Time pressure and experience regarding the 
assessed situation. 
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D: Recognition-Primed and Analytical Decision Making Process 

If the decision-maker is experienced, has dealt with the situation or a similar situation before, and there is very 
little time to take action, the experience-based decision mode is used. For this purpose, the decision-maker carries 
out measures that have previously solved the situation according to experience. If anomalies arise during the 
situation monitoring that cannot be solved with the experiences of the decision-maker, it is necessary to switch to 
the analytical decision mode. (The Stationery Office, 2008, 107 f.) 

Figure 6: Components of Decision Modes for Planning 

The analytical decision mode generated includes everything that is usually a common part in C2-systems. The 
first step is to set and prioritize the objectives that need to be achieved. In the same step, the risks that may occur 
when working on reaching the objectives can be assessed. All of the C2-systems analyzed use objective-based 
analytical decision-making. The British system has a further focus on risk assessment. According to ISO 22320, 
while priorities are being set, it should be aimed to think ahead about the possible development of the situation 
(International Organization for Standardization, 2018, p. 5). Once the objectives have been set and prioritized, 
decision alternatives are generated that help to achieve the objectives - different ways to reach the objectives are 
developed. Following this, the different advantages and disadvantages of the decision alternatives generated are 
weighed against each other. In the process, decision-makers can consider various issues, such as resource demand, 
implementation effort, time exposure, environmental impact, reasonableness, constraints and risks. With the 
decision for the best implementation method made, framework conditions (modes) can be determined, which have 
to be communicated to all personnel. For example, whether units are in attack or defense mode.  

E: Planning: Operation 

Once the way(s) to achieve the objective(s) has(have) been chosen, all necessary measures must be developed, 
planned and scheduled. At the end of this planning process, tasks should be developed that are clear and executable 
for all units involved. During operation planning, special attention should be paid to prioritization of tasks, 
organization of units, safety and resource management. Since the whole C2-system should be seen as a process, 
the organization of units and the management staff is also seen as a process step. It is assumed that each incident 
is initially led by one IC with no command staff. During the passage of this part of the C2-process, the IC must 
determine how the C2-structure needs to be set up and how it is to be managed. After analyzing the C2-systems, 
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it can be identified that the IC initially holds all of the following functions, which may be handed over command 
staff: 

Table 2: Functions of the Incident Commander 

- Situation Assessment

- Planning
- Risk Management
- Safety/Welfare
- Liaison/Cooperation

- Operations

- Public Information
- Logistics
- Information and Communication
- Communications technology
- Investigation (Intelligence)

- Personnel / Internal Affairs
- Finances and administration

If the IC does not hand the tasks to the command staff, the IC must handle all command tasks during the C2-
process. Depending on the capacity and workload, it is possible to combine or split the tasks. According to the 
size of the command staff, the IC may also appoint a head of staff to supervise the work and manage information 
flows. If particular expertise is needed because of the kind of situation, specialists can be brought directly into the 
command staff. In the case of a multi-agency response, it may be useful to establish a unified command of the 
main acting organizations to ensure a common focus of efforts. The command type of unified command can often 
be found in C2-systems that are based on the American ICS. However, also with unified command, it is important 
that the principle of unity of command is respected. In other words, there is always one institution that has the 
final decision-making authority. 

The operational units are located below the IC and the command staff. They can be structured in a divisional or 
procedural way. Divisional means all subdivisions according to space, department or the number of units. 
Procedural means the structure according to tasks that build on each other, similar to how it is in a factory.  

As in the British and to a certain extent in the German system, it also makes sense to divide the command structure 
into clear political, strategical, tactical and operational levels. This supports a clear alignment of levels as well as 
easier collaboration with the same levels of other organizations, since the strategy level sets the tactical 
parameters, the tactical level guides the operations, and the operational level carries out the implementation on 
the incident site. 

Figure 7 shows the relations during planning. Since planning can be very extensive in terms of tasks, this step 
primarily demonstrates how it can be divided up efficiently. Each task can also be found in the generic C2-system 
as a process step. In the original illustrations, which have been made available online, the individual IC tasks are 
color-coded to the process steps. For example, the Situation Assessment is a tactical management task that can be 
found at the beginning of the C2-process.   
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Figure 7: Components of the Operation Planning 

F: Operation Implementation 

The last step involves the dissemination of information and tasks to the deployed units. In summary, an Incident 
Action Plan (IAP) is issued. Depending on the size and complexity of the incident as well as the operation, the 
IAP can be issued in oral or written form. Regardless of whether the IAP is issued orally or in writing , it should 
always have the same content in the same order. This ensures that the important matters are covered and that 
nothing has been forgotten. The analysis of C2-systems has identified the following elements as important for the 
IAP. 

Table 3: Important Elements of the IAP 

- Situation
- Objectives
- Framework
- Plan/Intention

- Time schedule (with meetings)
- Own and further assignments
- Resources in use
- Special requirements

The IAP is valid for a certain period of time or up to a certain milestone. When the relevant criteria are reached, 
a new Operational Period starts. 
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G: Check 

The process step “Check” is a component of quality management for the results and operation implementations 
of the C2-systems. This step checks whether the units performed the assigned tasks according to the orders and if 
the intentions of the incident control are met. Moreover, it checks whether the results of the C2-process match the 
situation or whether adjustments need to be made. In this respect, this process step can be declared as the end or 
the beginning of the ongoing process run at the same time. It is the final control of the execution, but at the same 
time it is also the first step of the new Situation Assessment of the next Operational Period. Both, the information 
for the check and for the new Situation Assessment can come from  reports of the units (Force - MoFE) beyond 
the system boundaries. 

DISCUSSION 

The intention was to develop a universally applicable C2-system, primarily for the evaluation of command and 
control in incident-scenarios of any size. It was finally given the name “Generic C2-System”. Because of this 
name it must be clarified what “generic” represents, i.e. from which C2-systems it derives. A specific section (C2-
SYSTEMS SELECTED FOR THE CRITERIA-BASED ANALYSIS) has therefore been dedicated to this 
clarification. The C2-systems mentioned were carefully combined in a comparative approach according to the 
previously set limits and criteria. Since it was mainly text work and the merged result was evaluated in interviews 
by experts, the scientific approach has to be rated as qualitative. If the generic C2-system is compared with the 
models listed in the Background section, the first thing that stands out is its far greater scope. This results from 
the broad focus on an overall system that needs to be considered operationally within an organization. It does not 
specialise in individual components, such as decision-making, but in the whole detailed process of incident control 
and management. 

The components of the entire process diagram of the Generic C2-System have been color-coded in such a way 
that it is easy to identify the source systems from which the corresponding component is derived. It must be 
considered that although the authors designed the system according to the contents of existing C2-systems and 
ISO 22320, nomenclature and merging of the components was subjective. The verification by the expert 
interviews aims to counteract this. 

Since the entire process with all its components was too large to be presented on a DIN A4 page, it is made 
available digitally under the following link: 

Link: https://th-koeln.sciebo.de/s/wRmasfEoVxGhtDv 

OUTLOOK & FUTURE WORK 

The Generic C2-System is part of an overarching research initiative that aims to evaluate C2-processes, which are 
observed in the context of scenarios and exercises. For this purpose, quality criteria must be extracted for the 
corresponding components. To a certain extent, this already took place during the analysis of the existing C2-
systems. Some of the documents have indicated which attributes can be good or bad for the successful use of the 
system. The purpose is to develop KPIs that are assigned to the appropriate places in the process. Reference 
scenarios have to be developed that address the corresponding KPIs. In this way, it can be determined as a result 
how well a C2-system performs in the according area or component. All developments will be validated by 
scenario-based exercises. 

CONCLUSION 

The development of the Generic C2-System makes it possible to find universal KPIs for existing or new C2-
systems and to place them in an appropriate place. Thus, the primary purpose of the Generic C2-System was 
achieved. However, the newly developed system can also be used for other purposes. Since it is detailed, it can 
be seen as a current state of the art. It can be identified quite quickly in a comparison what an existing system 
does not have or may present differently in contrast to the generic system. Nevertheless, the sources from which 
this generic system originates must be taken into account and it is important that the previously set limits of the 
system analysis be kept in mind. It is not necessarily applicable to every culture or sector.  

It would be of great value if other scientists would expand the Generic C2-System if they know of other C2-
systems that have not been considered so far but have additional generic properties that should be added. This 
would support international representativeness, as the current system is primarily based on English and German-
language sources. 
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ABSTRACT

When crisis management plans are described in natural language documents, they may contain logical inconsistencies
or ambiguities that are not immediately apparent. To allow automated early detection of such errors, they need
to be described in a well defined formalism. C2Sketch is a tool for modeling command and control systems that
provides such a structure for formalizing (crisis management) plans. However, C2Sketch is in active development
and to what extent real-world crisis management plans can be expressed in it is unknown. In this exploratory
study the unstructured text of a small sample of publicly available regional-level crisis management plans was
translated systematically into structured C2Sketch mission-plans to uncover limitations and opportunities for further
development of the tool. The plans contained enough information to largely capture the networks of actors and their
tasks therein, but did contain enough operational information to develop complete C2Sketch models from.

Keywords

Crisis Management Plans, Command and Control Systems, C2Sketch

INTRODUCTION

Crisis management requires a lot of planning. To be well prepared for future incidents, and to be able to manage as
good as possible if disaster does strike, governments and response organizations make plans and agree in advance
on how they will collaborate. The results of this planning process end up as documents that describe what the plan
is, who is involved and who commits to what in case the plan is put into action.

An unfortunate property of such documents, is that although they contain a wealth of structural information about
the network of collaborating responders, the tasks they perform, and the information they use, this information is
not easily accessible. Without formal structure and semantics it is impossible to automate analysis of plans for
potential gaps or logical inconsistencies (e.g. a crucial step in a plan depends on a resource or piece information
which is not considered elsewhere in the plan). Moreover, a formalized plan containing a structured representation
of the collaborating parties, their tasks and the information they need to do their tasks, could be the foundation of a
unified command and control system that facilitates the execution of the plan.

To explore the idea of using structured plans as described above to analyze or design C2-systems the C2Sketch tool
(Lijnse et al. 2020) is being developed. This tool facilitates the creation of structured “mission plans” and makes it
possible to validate them by simulating the modeled information flows and operational pictures. The structured
plans can be exported as structured data files, or as human readable documents that are automatically derived from
the structured plans.

C2Sketch is still in active development. In the long term it is intended to be able to formally describe all C2 aspects
of realistic mission plans (including crisis management plans), to facilitate plan validation and enable various types
of quantitative and qualitative analyses to compare alternative plans.

A new feature of the latest version (0.2 which is a complete re-write of the original 0.1 release in Python) is that
it allows the structure of a network of collaborating actors to be described along with their tasks. To get a first
impression of whether this new structure matches the sort of information found in real crisis management plans we
translated a small sample of publicly available crisis management plans into C2Sketch mission plans. In this paper
we report our initial findings and experiences from that exercise.
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Figure 1. The C2Sketch editing view

The primary goal of this preliminary study is to identify mismatches between information found in realistic plans
and C2Sketch’s concepts to reveal opportunities for further improvement of C2Sketch. Contrary to the final intended
purpose of C2Sketch, the plans that are used in this research serve only as examples, or test cases. Their properties
were not the main subject of this research.

This paper is a report of work in progress. The results presented in this paper do not contribute generalizable
knowledge, and their usefulness is largely limited to those involved in the development of C2Sketch. Its publication
as work in progress paper is intended to show to what extent the current C2Sketch tool can be used to describe real
world crisis management plans.

The remainder of this paper is organized as follows: In the next section we give an overview of the C2Sketch tool
and its main concepts. We then explain the structured qualitative methodology we used to translate the natural
language plans into the C2Sketch structure. The next section summarizes our findings, followed by a discussion
section and concluding remarks in the final section.

PRELIMINARIES

The modeling exercise presented in this paper should be viewed in the context of the continued development of the
C2Sketch tool. The latest version (0.2) of the tool has been changed significantly since it was first published (Lijnse
et al. 2020).

The purpose of the tool has remained the same. To provide a structure to help answer key questions in C2 system
design: “How can a mission be decomposed? What actors are involved? What tasks do they have and what, how
and when do they need to share information to be effective?”

The web-based tool facilitates the creation of models of C2 systems called “mission plans”. These models capture
three main concepts: Actors, Tasks and the Information exchanged between them. From these models, human
readable documents are generated that contain all details of the plan. Furthermore, the models contain enough
detail about the exchanged information to allow them to be executed using a generic interpreter. This makes it
possible to interactively test the modeled plans against simulated scenarios.

A screenshot of the tool is shown figure 1.
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Actors in C2Sketch

Actors in C2Sketch are people or organizations that are responsible for, and/or perform tasks. In collaborative
endeavors, tasks can be thought of as belonging to implicit or explicitly named organizations. The actual execution
of tasks is always carried out by a person, potentially on behalf of an organization.

Although people and organizations can have all sorts of relations with each other, the only relation that is modeled
in C2Sketch is affiliation. Actors can be affiliated with any number of other Actors. In C2Sketch this means that one
actor may perform tasks for any actor (usually an organization) that he/she/it is affiliated with. The only limitation
imposed on the affiliation relation is that actors may not indirectly work for themselves. The set of actors together
with the affiliation relations therefore constitute a directed acyclic graph.

Tasks in C2Sketch

Tasks are the most important concept in C2Sketch. It is the decomposition of a mission into smaller tasks and
sub-tasks that enables the distribution of work between the actors. Furthermore, it provides the structure to analyze
what information is needed where to be able to perform those tasks. Facilitating the distribution of information
about what tasks should be done, and information about whether the execution of tasks is going as intended, is what
C2 systems are for. It is therefore important to capture the division of labor as a decomposition of tasks.

Tasks in C2Sketch are pieces of potential work that are done to achieve a certain goal. They belong to a certain
actor and can if necessary be decomposed in a set of sub-tasks. Because mission plans are a preparation for an
uncertain future, tasks can be defined that may or may not be performed depending on how a situation unfolds.
When the plan is executed the abstract tasks are instantiated when actors decide to perform them.

Information Exchange in C2Sketch

Information exchange is modeled by defining “operational picture” nodes. The term “operational picture” is used
quite liberally in C2Sketch. It is used to describe all points where information is exchanged between tasks and/or
actors.

An example in the traditional use of the term would be a shared map or status overview that is used to create
shared situation awareness between collaborating actors. Tasks of these actors may depend on having access to that
information. At the same time, there are tasks whose results contribute to that operational picture.

A non-traditional example of using the operational picture concept in C2Sketch is to define the information
exchanged during a briefing. Briefings are also explicit coordination tasks aimed to create shared situation awareness,
but the shared information is communicated verbally instead of being plotted on a map.

To summarize, in C2Sketch terminology, operational pictures are the information exchange points for sharing
information between related tasks. There is no distinction between the media used to store or transfer that information.
That can be either verbally, on paper, or digitally.

METHODOLOGY

To explore to what extent real-world crisis management plans can be expressed as structured C2Sketch mission
plans, their unstructured text format has to be translated into the structure of C2Sketch. To do this we used an
ad-hoc qualitative document analysis followed by iterative model synthesis that is similar to the extraction of classes,
and their relations from noun-verb relationships in Object-Oriented Analysis Booch 1994 or the development of
ontologies Noy, McGuinness, et al. 2001.

Note that this manual "reverse engineering" of structured plans from unstructured public documents is not the
intended use of C2Sketch. As mentioned earlier, structured C2Sketch plans can be exported to human-readable
documents. This enables authoring of (crisis management) plans in a structured format directly without having to
describe them as text too.

The translation consisted of three main phases:
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Phase 1: Document Selection

The first phase consisted of finding and selecting candidate documents suitable for translation to C2Sketch models.
We randomly selected a small sample of three plans at the regional level in the Netherlands.

We looked at regional level plans because we expected to they would most likely contain tactical and operational
operation. As these regional level plans are publicly available, we searched online for terms like "crisis plan" and
"region" until we found documents that based on their title and a quick review appeared to be both plans and crisis
management related.

Because the aim of this study was exploratory and focused on the use of C2Sketch rather than the plans themselves,
we consider this method of selecting public documents without direct involvement of their authors to be good
enough for its purpose 1.

Phase 2: Document Coding

The next phase consisted of a qualitative analysis of the documents using the core concepts of C2sketch as an
interpretative lens. Each document was annotated manually three times. Once for each of the key concepts. The
coding was performed by a single coder, instead of the more robust method of using multiple independent coders.
This compromise on the validity of the developed models is justified on the same grounds as not involving the
plan’s authors: the plans themselves are not (yet) the main subject and some interpretation errors are acceptable.

Evidence of Actors

In the first pass all text fragments in the documents that indicate the involvement of some actor were marked. In
C2Sketch, any entity, whether it is an individual, an organization, an autonomous system, or a legal entity that can
be responsible for tasks is called an actor. If for example, a document would contain the sentence “When there are
more than 10 patients, the operation center operator alerts the regional coordinator using their secure pager”, the
segments “operation center” and “regional coordinator” would be marked as actors.

It sometimes happens that the same actor is called by different names throughout a plan. When acronyms for
organizations are introduced their full name is no longer used, but the acronym is used instead. Other examples
include things like ”The Joint Operation Center for X and Y in region Z, hereafter referred to as the operation
center...” Wherever the text indicated the introduction of such aliases or acronyms these were noted too, to make
sure they would be represented by a single actor in the final C2Sketch models.

Evidence of Tasks

In the second pass all text fragments were marked that indicated that a certain task existed. These indications could
either be explicitly named such as “Organization X is tasked with...” or “Y is responsible for Z”, or be implicit in a
description of an actor having to something in some context. If we look again at the example sentence “When there
are more than 10 patients, the operation center operator alerts the regional coordinator using their secure pager”, we
would know highlight the verb “alerts” because it indicates a task that the operator has to do.

Evidence of Information Exchange

In the third and final pass all text fragments that indicate concrete exchange of information, and/or the media or
systems that are used to do so, are marked. In the example sentence “When there are more than 10 patients, the
operation center operator alerts the regional coordinator using their secure pager” both the fragments “more than 10
patients“ and “using their secure pager” would be marked. The first because it indicates that a specific piece of
information, the number of victims, is a condition for the alerting task. The second is marked because it indicates
what information channel is used to communicate in the alerting task. Note that what information is actually send in
the alert to the secure pager is not mentioned in this sentence.

Phase 3: C2Sketch Model Synthesis

The synthesis of the C2Sketch mission plans from the results of the annotation phase has been an iterative process.
First all identified actors, have been added to the C2Sketch plan. Special care was taken to unify all uses of aliases
and acronyms into single actor definitions. After the addition of all actors, each actor was looked up in the original

1When, in the future, the focus will shift from the tool and method, to the plans themselves, authors of plans will be involved and will be able
to author plans in the structured format directly.
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document to find evidence of any affiliation relations the actor might have with other actors until the complete graph
of involved actors and their organization emerged.

After creation of the actor graph, all annotated evidence of tasks was processed to add task definitions to the
C2Sketch plan. Wherever tasks were explicitly named, these same names were used in the C2Sketch plan. For
implicit tasks, new descriptive names were introduced. For each newly added task, the original document was
consulted to find if the task was a sub-task of another task and which actor it could be attributed to. If the responsible
actor was unclear, the task would be allocated with one of the larger organizations responsible for a certain topic, or
the top-level crisis organization as a whole.

The final pass in the model synthesis consisted of using the text fragments that indicate information exchange to
enrich the task with data types and operational pictures.

RESULTS

Phase 1: Document selection

As described in the previous section, three regional level plans from the Netherlands were randomly selected for this
modeling exercise.

Plan A

The first plan we used is the “Regionaal Crisisplan 2020-2023 Veiligheidsregio Gelderland Zuid” (Veiligheidsregio
Gelderland Zuid 2020). This document is an overview document that covers all types of crisis management for one
of the safety regions in the Netherlands. It covers the entire range of response organizations and aims to describe
their roles for incidents that require multi-disciplinary collaboration. With 64 pages this is the largest document we
analyzed. At first glance it appeared to be a good fit for modeling with C2Sketch, as it explicitly mentions tasks,
roles, and responsibilities.

Plan B

The second plan we used is “Regionaal Ambulanceplan (RAP) RAV Noord Holland-Noord 2016 - 2021” (Brugman
et al. 2018). This document is a policy document that explains how one of regional ambulance services intends
to maintain and improve the quality of its service. This document is shorter than plan A, just 19 pages as it only
describes a single response organization. Mapping this plan to C2Sketch concepts is not as straightforward because
it addresses separate developments and efforts to improve their organization. The organization’s primary process
and its tasks are implied but can be (partially) inferred from the context of the highlighted developments.

Plan C

The last plan we looked at is “Patientenspreidingsplan 2020 - Patiëntenspreiding bij grootschalige incidenten
Noord-Nederland” (Werkgroep Patiëntenspreiding Noord-Nederland 2019). This is yet another type of plan entirely.
It is a plan that describes a specific aspect of large scale incidents: the distribution of large numbers of patients over
multiple hospitals. It covers multiple collaborating response organizations but not as many as Plan A. Because the
plan addresses a specific issue across the strategic, tactical and operational levels, its fit with C2Sketch’s concepts is
mixed. Some parts of the plan clearly describe the collaborating parties and their tasks, while other parts either
concern the strategic level or provide very specific operational level details.

Phase 2: Document coding

Table 1 contains a summary of the results of the annotation phase. Even though the annotations themselves are
obviously qualitative data, this summary provides an indication of the volume of data that the C2Sketch plans are
based on.

Plan # Pages # Actor annotations # Task annotations # Information annotations
A 64 742 473 30
B 19 298 221 57
C 25 359 159 21

Table 1. Number of annotations per document
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Phase 3: C2Sketch model synthesis

Table 2 summarizes the synthesized C2Sketch mission plans. The absolute values of these metrics are a lot smaller
than those in table 1 because there is a lot of redundancy in the annotations. Actors are mentioned more than once
and by different names or acronyms. Tasks are also mentioned multiple times, usually from different perspectives.

Plan # Actors # Affiliations # Tasks # OPs # Types
A 224 272 20 16 0
B 77 65 160 17 4
C 130 131 11 9 3

Table 2. Number of concepts per mission plan

The figures 2, 3 and 4 illustrate the structure of the three C2Sketch models. The nodes and edges in red make up the
actor network. The attached trees of blue nodes add the the task decompositions and the yellow nodes show the
information exchange points (operational pictures).

Plan B, the shortest document, has been completely translated into C2Sketch. All three types of annotations were
represented in the resulting C2Sketch model.

Because the plans contained more information about tasks and actors than was anticipated, plans A and C were not
completely modeled. Only after the annotation phase was completed, it was apparent that it was impossible to model
those plans completely within the allotted time for this exploratory study. Because C2Sketch is intended primarily
to describe command and control aspects of (crisis management) plans, and therefore focuses on information flow
that enables tasks, we only included tasks that were directly concerned with information exchange for those plans.
The actor networks and information exchanges were modeled for all documents.

DISCUSSION

The previous section presented a summary of the results of the study. In this section we discuss the limitations of
those results as well as some of the considerations for further development of C2Sketch that it revealed.

Scope and limitations

The first limitation that should be mentioned is the sample size of only three documents. The selected plans may
not be representative for all types of regional level crisis management plans. However, the three plans were different
enough to offer multiple perspectives.

Another limitation of this exploratory study was that none of the organizations that published the plans was involved
in the research. Therefore we cannot be sure that the information in the plans was interpreted correctly. Tasks that
were ambiguously specified may have been attributed to the wrong actor, or (implicit) organizations that are called
by different names could be wrongly modeled as separate actors. To be able to draw any conclusions about the
plans based on analysis of the C2Sketch models, their authors should be involved to verify the correctness of the
translation. As mentioned earlier, this limitation was considered acceptable.

The most important limitation was the lack of detailed information about information exchange found in the plans.
The importance of effective and efficient information sharing between collaborating parties is mentioned explicitly
in all three of the documents, but very little details are described about how this is achieved. The “validation through
execution” approach on which C2Sketch is based is only possible when the information produced by tasks, and the
information consumed by tasks in a plan is specified in enough detail. For the plans that were analyzed in this study,
the lack of detailed information limits the usefulness of their corresponding C2Sketch models. When the C2Sketch
plans are developed by, or in collaboration with, the authors of the original plans, this information can potentially be
collected from additional non-public sources. For example, from internal Standard operating procedures, or from
technical documentation of information systems that are mentioned in the public plans.

The final limitation to discuss is the incompleteness of the C2Sketch models of plans A and C. Although the
C2Sketch plans would obviously be a more accurate representation of the original documents if all tasks were
translated in C2Sketch, the additional value of that extra effort is limited. Because C2Sketch requires all elements:
actors, tasks and information flow, to be most useful. Modeling additional tasks for which the information exchange
details are unknown has little practical value.
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Figure 2. (Incomplete) network of mission plan A
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Figure 3. Network of mission plan B

Figure 4. (Incomplete) network of mission plan C
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Lessons Identified

Notwithstanding the limitations outlined above, the study uncovered a number of interesting points for further
investigation or immediate improvement opportunities for C2Sketch.

Dealing with large plans

The amount of actors and tasks that are mentioned in even a short 20 page document is something that has to be
taken into account in the continued development of C2Sketch. To be able to model complete command and control
chains at the regional level, C2Sketch should be expected to deal with hundreds of actor, task and information
exchange nodes. Support for searching in, and navigating graphs of that size should be improved.

Overlap and Modularity

Ambulances, and the common tasks of ambulance organizations were mentioned in all three of the documents.
C2Sketch has no possibility to import from, or reference external C2Sketch models. Therefore there was some
overlap and duplication between these plans. The ability to reference or include parts of another C2Sketch mission
plan could reduce this overlap and could also help in containing the scale of the complete plans.

Overlap in Sub-tasks

Another type of overlap that was found in the task structures of the plans was overlap of sub-tasks being part of
different high level objectives. In the current version of C2Sketch actors and their relations form a directed acyclic
graph, but tasks are decomposed into a strict hierarchy. However a low-level task such as ’transporting patients’ of
an ambulance organization can be part of routine daily care or part of a response to a large incident. With the strictly
hierarchic decomposition this task has to be defined twice in both decompositions. To model examples like this one
without duplication, the task decomposition should be allowed to be a directed graph rather than a tree structure.

Use of Aliases and Acronyms

In the crisis management domain (as well as in the military domain) there is an abundance of acronyms and
alternative names for the same roles and organizations. If acronyms and/or aliases could be explicitly specified in
actor definitions, they could be used to keep of track of two organizations talking about the same role by a different
name. It would also make searching for actors easier as you do not need to know alternative names or acronyms to
find an actor in the model.

Task Importance Ranking

In C2Sketch all tasks and sub-tasks defined at the same level have no notion of importance or ordering. They are
displayed in alphabetical order, instead of some notion of importance. With large numbers of tasks this clutters the
models and makes it hard to identify the main tasks of actors. A simple ranking could make it easier to help focus
on the important tasks.

Task Organizations

In C2Sketch, tasks are defined as part of the definition of actors. Each actor defines a set of tasks specific to that
actor, and can contribute to (sub-)tasks of the actors it is affiliated with. In plan A, however the notion of a ’task
organization’ was used multiple times. An implicit organization of collaborating actors for a certain task. This can
be modeled in C2Sketch by explicitly adding actor definitions for these task organizations, but this leads to having
to define many additional implicit actor nodes if task organizations are used a lot. Allowing tasks in C2Sketch to
imply the existence task organizations associated with those tasks would remove these additional actor nodes.

Law and Regulation Compliance

Each of the three analyzed documents refers to laws and regulations as a motivation for policy choices or activities
performed by the organizations. Complying with a certain law can be only partially modeled in C2Sketch. Tasks
that are direct result of a certain regulation, for example performing a mandatory investigation after work related
incidents, can be modeled as sub-tasks of an overarching ’comply with regulation X’ task. However, laws and
regulations also impose constraints on tasks. For example: if and how information may be shared with partners.
These constraints cannot be formally expressed in C2Sketch, but are important when a C2Sketch mission plan is
used to design a new C2 system, or analyze a planned change to an existing system.
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CONCLUSION

In this paper we presented the results of translating a small sample of public regional level crisis management plans
into structured models using C2Sketch to explore to what extent real-world plans can be represented by its modeling
concepts. The analysis identified actors, their tasks and the information shared between them and represented them
as C2Sketch mission plans.

While the documents contained more than enough mentions of actors and tasks, details about what information is
needed to do those tasks, or where that information comes from was not specified. Without that information it was
not possible to construct full C2Sketch models with enough detail for validation through execution.

Nonetheless, the incomplete models were useful to identify several limitations of the C2Sketch modeling concepts
as well as opportunities for improvement of the tool.

Obviously, addressing these limitations is recommended future work for the development of C2Sketch. Additionally,
other methods for uncovering operationally shared information in enough detail should be considered when using
C2Sketch to retroactively constructing structured mission plans from existing unstructured plans.
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ABSTRACT 

This paper presents the fields of application of the tabletop exercise in emergency response by explaining the 
method in emergency response research. The authors illustrate the tabletop exercise of the Institute for Rescue 
Engineering and Civil Protection (IRG) of the TH Köln in a research project on Sensor Systems for Localization 
of Trapped Victims in Collapsed Infrastructure (acronym: SORTIE) as an application example. Subsequently, the 
quantitative and qualitative evaluation methods used generally and specifically for the tabletop exercise of the 
research project SORTIE are considered, and the technical implementation is explained. The evaluation method 
used in the tabletop exercise consists of three sub-areas (participant survey; exercise observation; photo, video 
and audio recordings). Further, the analysis of the evaluation using statistical tools is explained. Finally, this paper 
refers to possible sources of error in the evaluation of tabletop exercises, such as exercise artificiality and 
subjectivity of the exercise observers. 

KEYWORDS 

tabletop exercise, training, observation, evaluation, emergency services 

INTRODUCTION 

Tabletop exercises can help to study complex structures and processes (Kriz and Lisch, 1988, p. 200) and bridge 
the transition from "knowing" to "doing". The interactive learning environment promotes new ways of thinking 
and acting, systematic understanding of processes, and trains the interaction of several actors through the 
representation possibility of realistic, complex situations. Tabletop exercises help to broaden the spectrum of 
observation, recognise feedback from one's actions, promote readiness to cooperate, and translate strategies and 
concepts into decisions. (Rathert, 2003, p. 2)  

Within the German fire brigades, this method has been used since the end of the 19th century to train incident 
commanders and prepare and follow-up operations (Rempe et al., 2014, pp. 11-19). The primary aim is to train 
the analysis of problems, consider alternatives, develop strategies and tactics, and make decisions in the group or 
individually (Massing, 2004, p. 165). In research, the tabletop exercise can develop and justify hypotheses/theories 
and obtain data for empirical testing (Kriz, 2009, p. 568). It can thus be applied in emergency response research 
to test insights gained in a closed setting. 

This paper presents the possible applications of tabletop exercises in emergency response research. It will also 
show how data can be collected during a tabletop exercise and lead to new findings. As an example of the practical 

415



Tobergte et al. Evaluation of Tabletop Exercises in Emergency 
Response Research 

 

Practitioners Paper – Command & Control Studies 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

implementation of the evaluation, the tabletop exercise in the research project SORTIE will be presented. 

METHOD OF TABLETOP EXERCISES 

The difference between a tabletop exercise and a case study is that scenarios can also be simulated, which have 
not yet occurred, i.e., which are merely possible. In a tabletop exercise, unlike in a case study, the participants do 
not take on the role of an outside consultant but are part of the organisation that has to deal with the task. In 
contrast to role play, no concrete behavioural strategies are trained, but the handling of complex systems in a 
dynamic situation. There are more rules and framework conditions in tabletop exercises than in role play. (Ameln 
and Kramer, 2016, p. 153) However, role plays and case studies or case situations can always be part of a planning 
exercise (Blötz, 2015, pp. 30-32) so that the most beneficial elements can be incorporated. 

In emergency response, tabletop exercises can be an extension of a (police) plan meeting and can serve as a 
preliminary stage for tactically larger exercises, such as staff frame exercises and full-scale exercises. This is 
particularly useful as preparation for inexperienced leaders. Tabletop exercises are associated with less planning, 
implementation, financial, organisational, and personnel effort than full-scale exercises. (Siemon, 2013, pp. 6-7; 
Bittner et al.,2018, p. 410; Rempe et al., 2014, pp. 11-12; Hofinger and Heimann, 2016, p. 239-240) Tabletop 
exercises are thus a cost-effective, efficient method of testing plans and procedures with an increased degree of 
realism (Chen et. al., 2003, p. 81). This is also easier in tabletop exercises in many cases, as all practitioners are 
usually on site (Hofinger and Heimann, 2016, p. 259) and can thus formulate and provide feedback directly to the 
participants and the exercise manager during the discussion phases. 

The initial situation in a tabletop exercise involves a (fictitious) problem to be solved or a decision to be made. 
The task can be formulated in an open or closed manner, whereby the predominant closed variant is characterised 
by fixed rules and framework conditions as well as homogeneous cooperation of the functions and a controlling 
authority (exercise manager) (Blötz, 2015, p. 51). The participants move around in a fictitious environment (e.g., 
a staff room or a situation model (diorama)) (Geuting, 1992, p. 27; Grob, 1995, 15 ff.). A diorama can be equipped 
with building models, roads, vehicles, as well as people, animals, and others (Rempe et al., 2014, p. 11). However, 
being equipped with pen and paper and/or forms, rooms, and maps is sufficient for implementing a tabletop 
exercise (e.g., in a staff room) (Blötz, 2015, p. 258). PC-supported interactive exercises can also be realised (Blötz, 
2015, p. 47). VR implementations were shown to have advantages especially in terms of cost and personnel 
expenditure as well as in terms of realism (Siemon, 2013, pp. 6-7; Rempe et al., 2014, p. 19) and, for example, 
provide a better understanding of the scenario through the use of interactive maps (Zhou et al., 2015, p. 222). 
However, this seems less suitable for local scene, as described in the project. In addition, temporal stretching and 
tightening, if necessary, cannot be implemented either (Rempe et al., 2014, p. 20).  

The minimum personnel required for a tabletop exercise includes at least one exercise manager (Dittmar et al., 
2012, p. 320) and one participant. The participants take on roles (competing or also working together) and interact 
with each other, sometimes separated from each other, in the simulated decision-making world (Geuting, 1992, 
p. 27; Grob, 1995, 15 ff.), whereby the existing situation and limited resources determine the framework for action 
(Ameln and Kramer, 2016, p. 150). It is also important to consider the frame of reference (e.g., operations centre 
or crisis team) (Blötz, 2015, p. 47). 

As part of the preparation, a flexible script must be defined, as the course of the tabletop exercise depends mainly 
on the behaviour of the actors involved. The scenario should be based on real disaster situations. (Hofinger and 
Heimann, 2016, p. 259) Some information about the situation is already provided to the participants at the 
beginning or fed in by the exercise manager during the tabletop exercise (e.g., when the situation changes), such 
as maps, plans (Rempe et al., 2014, p. 11) or information about resources (Dittmar et al., 2012, p. 320). By 
speeding up events but moving through the decision-making cycle much more slowly (Blötz, 2015, p. 18), 
complex actions of the command functions can be broken down into small steps (Rempe et al., 2014, p. 19) and 
decisions can be checked directly by feedback from the exercise manager, whereby the consequences of certain 
actions cannot be predicted by the participant (Rempe et al., 2014, p. 5). 

Procedure of a Tabletop Exercise (on a Diorama) 

At the beginning of the tabletop exercise, the participants can be given a deployment dispatch with all relevant 
initial information. The task forces then arrive at the model of the operation site with corresponding vehicle models 
(Rempe et al., 2014, p. 21). They set up the vehicles and secure the scene (Rempe et al., 2014, pp. 56-57). This is 
followed by a reconnaissance of the situation on the model (Rempe et al., 2014, p. 62) and an assessment through 
hazard analysis, prioritisation, and consideration of tactical options (Rempe et al., 2014, pp. 67). After the selected 
measures have been communicated to the exercise manager, feedback on the success as well as information about 
changes in the situation are given. The command cycle is continued until all hazards have been eliminated (Rempe 
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et al., 2014, p. 143). This procedure is based on the command cycle described in the German fire service regulation 
100 (FwDV 100). It is possible to adapt the command and decision-making process to internationally valid 
guidelines in the tabletop exercise  (e.g., the INSARAG-Guidelines for the international scenario in SORTIE). 

 

 
Figure 1: Procedure of a tabletop exercise based on the German FwDV100 

 

The participants must constantly communicate their thought processes to the exercise manager during the tabletop 
exercise, justify their decisions and reflect on them, so the exercise manager helps them with this or communicates 
changes in the situation as a reaction to the measures taken (Rempe et al., 2014, p. 19). During the tabletop exercise 
and afterwards, observation and self-reflection or feedback by the observer and exercise manager must be possible 
(Hofinger and Heimann, 2016, p. 258). 

Application in Research 

Tabletop exercises are also used to evaluate research in emergency response. The LÜKEX exercises ("Federal 
and Interdepartmental Crisis Management Exercise" of the Federal Office for Civil Protection and Disaster 
Assistance and the Federal Ministry of the Interior) in Germany are conducted annually and serve to review 
national crisis management and the cooperation of the government and the federal states with critical 
infrastructures based on fictitious crisis and threat situations, and to identify a further need for action. Topics 
already covered in the past include Critical Infrastructure Failure (2004, 2011 and 2018), Natural Hazards (2004 
and 2015), Biological Hazards (2013 and 2007) and Terrorist Threats (2005, 2009 and 2010). (Breuer et al., 2019, 
p. 15) 
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Figure 2: Some possible areas of application that have already been processed (according to Boslough et. al., 2015, p. 
43; Breuer et al., 2019, p. 15; Chandra et. al., 2015; High et. al., 2010; Wendelboe et. al., 2020, p. 4)  

 

In the literature, various areas of application of the tabletop exercise can be found with regard to hazard prevention 
research (Fig. 2). However, a higher tactical level seems to be tested here for the most part. In SORTIE, a tabletop 
exercise was used, which concentrated on the work at the damage site. 

Among other things, the implementation of an unmanned aerial vehicle to search for buried victims in existing 
national and international emergency response and command structures was tested on a diorama (Schmitz et al., 
2019; TH Köln, 2021). The ongoing project SORTIE is developing and implementing a modular platform with 
different detection technologies for the search for buried persons with an unmanned aerial vehicle. To this end, a 
planning exercise has been carried out in the laboratory to check the implementation of the system in the existing 
operational procedures and the flow of information and, if necessary, to identify further needs for improvements 
to the system. (TH Köln, 2021) 

As part of the SORTIE project, an adapted command and control structure was designed to integrate new 
technology into existing operational procedures. The aim of the tabletop exercise was to evaluate the interaction 
of the participants in this new and unfamiliar command structure, with several functions to be observed 
simultaneously. Due to easier observation and evaluation, it was therefore decided to conduct a planning exercise 
on a diorama on site, which was built specifically for the defined scenarios and equipped with corresponding 
building models made for the project. The focus of the project was not on the development of the tabletop exercise 
or the realisation of a virtual reality implementation. The realism should be ensured in the further course of the 
project through a real exercise. The participants in the exercise were emergency forces who had experience from 
national and international operations and would later use the system in this context. The feedback from the 
participants showed that such tabletop exercises are rarely conducted for international operations. 

EVALUATION OF TABLETOP EXERCISES 

Evaluations systematically examine and record content or methods, and must be related in time to the tabletop 
exercise (Renneberg and Hammelstein, 2006; Keim, 1992, p. 202). In evaluations, a distinction must be made 
between quantitative and qualitative evaluation methods and evaluation methods within and outside of emergency 
response.  

In quantitative evaluations, standardised measuring instruments are used on the one hand, and on the other hand, 
numerical measured values are collected under controlled conditions and statistically analysed. This makes it 
possible to test theoretical hypotheses. (Döring and Bortz, 2016, p. 23) Methodologically, standardised surveys, 
standardised observation and standardised content analyses are used (Möhring and Schlütz, 2013, p. 184). In the 
standardised survey, the participants provide information about themselves and their sensitivities, and their 
personal opinions can be recorded. However, the disadvantage of this method is that the answers are only limited 
to the questions used in the survey. (Möhring and Schlütz, 2013, pp. 184 - 185; Braukmann and Hübsch, 2010b, 
p. 113) Standardised observation involves the recording of participants' behaviour and reactions and a subsequent 
objective assessment of these (Braukmann and Hübsch, 2010b, p. 111; Gehrau and Schulze, 2013, p. 329). In 
systematic content analysis, textual and visual messages are evaluated descriptively using defined categories to 
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minimise complexity. For this reason, the content analyses are irrelevant for the evaluation of the tabletop exercise. 
(Rössler and Geise, 2013, pp. 271, 330) 

In qualitative evaluations, the main methods used are group discussions and expert or leading question interviews 
(Flick, 2007, p. 11, 2009, pp. 14 - 15). In group discussions, the individual opinions of the individual participants 
can be recorded. The advantage here is that individual opinions can be recorded spontaneously through discussion 
and referenced to differentiated views (Liebig and Nentwig-Gesemann, 2009, p. 103). The interviews, especially 
the guided expert interview, make it possible to capture knowledge. In doing so, the interviews are structured 
thematically and with questions that encourage storytelling. (Liebold and Trinczek, 2009, p. 35) 

Evaluation outside of Emergency Response 

For tabletop exercises, in addition to the evaluation methods already presented, there are other methods such as 
the learning diary and the follow-up: episodic interview. 

The learning diary is intended to support the processing of the learning material by sorting, filtering and organising 
thoughts through writing (Braukmann and Hübsch, 2010a, p. 57, 58). In addition, the learning diary can be used 
to apply survey and analysis methods for quantitative and qualitative analysis of the (learning) process (Ehmann, 
2009, pp. 73, 87). 

The follow up: episodic interview is intended to check the sustainability of the learning success from the tabletop 
exercise and its implementation in everyday life. It takes place within a defined period of time after the simulation 
(Amelang and Schmidt-Atzert, 2006; Lamnek and Krell, 2005). 

Finally, the subjective impressions of the exercise manager and the observers can be recorded and taken into 
account. Here, too, the resulting holistic view of the tabletop exercise can provide further important data, even if 
it does not correspond to a scientific method. (Braukmann and Hübsch, 2010b, p. 122). 

Evaluation within Emergency Response 

In emergency response, tabletop exercises are used to objectively and verifiably assess the performance of 
participants in career or selection examinations. It is important that the personal opinions of the examiners cannot 
determine success or failure. In order to be able to guarantee this necessary objectivity, a proper evaluation must 
be carried out and recorded. (Rempe et al., 2014, p. 145) 

Within emergency response, so-called tabletop exercise evaluation forms are predominantly used for evaluation 
(Rempe et al., 2014, pp. 145-146). One variant is the evaluation sheet of the NRW State Fire Brigade School, the 
“Institut der Feuerwehr (IdF) NRW”. Another variant is presented within the book "Das Planspiel als 
Entscheidungstraining" (The tabletop exercise as decision-making training). 

Evaluation within the Research Project SORTIE 

Within the project SORTIE, a new method was developed from known social science methods to evaluate the 
tabletop exercise in the best possible way with the existing extraordinary evaluation techniques. The advantage 
here is that the basic methods are easier to apply and already known to many participants of the tabletop exercise, 
and moreover, more valid results can be obtained. In addition, the interaction of different parts of the method 
enables a holistic data collection, which means that the results needed for the project can be reliably collected. 
Furthermore, the exact alignment of the method with the objectives of the tabletop exercise and the SORTIE 
project ensured comprehensive data collection. Another advantage is that the predominantly quantitative design 
of the method greatly simplified the evaluation. Qualitative methods were often used in the past, which take much 
time to evaluate and do not necessarily provide comparable results. A disadvantage of the quantitative design can 
be a possible loss of data due to the preconceived questions and answer options; this is counteracted in the 
evaluation method by formulating a few open-ended questions. 

The subject of the evaluation method was the implementation of the system in the national and international 
operational command structure and the operational procedure. The primary objective was to check the 
implementation, the procedure in existing standards and guidelines, the acquisition of information, the selection 
of the sensor packages to be used, the transmission of information and the increase of speed in the rescue of buried 
victims. 
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The evaluation method used in the project SORTIE consists of three parts: 

1. questionnaires for interviewing the participants 

2. observation sheets for the exercise observers 

3. photo, video and audio recordings 

 

 
Figure 3: Evaluation method in the research project SORTIE and its thematic areas 

 

Questionnaire for the Participant Survey 

When formulating and designing the questionnaire, it is important to remember that the participants are experts 
in their respective fields, and therefore the data collected is of corresponding quality. The fact that the survey is 
conducted in a standardised form ensures comparability, assessment, evaluation and interpretation of the 
evaluation object. For this purpose, an evaluation questionnaire consisting of closed and multiple-choice questions 
was developed in the quantitative evaluation method.  

Due to the described design of the questionnaire, some aspects of the tabletop exercise may not be covered. For 
this reason, the standardised survey must be supplemented with some open questions. In this way, a holistic view 
of the tabletop exercise and, based on this, a fully comprehensive data collection can be assumed. 

The developed questionnaire includes the name and position of the participant and the following four topics:  

1. tabletop exercise scenario 

2. use of the SORTIE-System 

3. procedure with the SORTIE-System 

4. comments, suggestions for improvement and weak points. 
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The questionnaire is three pages long and contains 20 mainly closed-ended questions. Respondents are given four 
possible answers (agree, tend to agree, tend to disagree, disagree), which ensures that the participants' answers 
always show a tendency. Four questions are open-ended, and closed-ended ones are followed by two other open-
ended questions. The questionnaires were adapted to the national and international tabletop exercise scenario, 
whereby only the underlying standards and guidelines and the procedure were adapted for the comparability of 
the data. 

Figure 4 shows an excerpt of the developed questionnaire: 

 

 
Figure 4: Subject area 1 of the Questionnaire for the Participant Survey 

 

When conducting the survey, it was decided to use analogue questionnaires in paper format, as it could not be 
ensured that all participants of the tabletop exercise would carry a mobile device with them and thus be able to 
participate in the context of a digital questionnaire. In this way, it was ensured that all important data could be 
collected immediately on site by all participants.  

Observation Sheet for the Exercise Observers 

The assigned exercise observers monitore the participants of the tabletop exercise and the use of the system and 
document this. For targeted and objective data collection based on a standardised observation, so-called 
observation criteria are defined. These are answered by category systems. For a comprehensive data collection 
and a holistic view of the tabletop exercise, an additional open-ended observation is necessary. For this purpose, 
measurability criteria and tools for open observation were developed to ensure objectivity, precision and uniform 
documentation of the open observations and contribute to a simplified evaluation. The measurability criteria 
specify which observations are to be documented within the framework of the observation criteria. The tools 
include various documentation specifications, such as tables or management organisations, which are only to be 
supplemented by the observers. The observations are to be documented in a prefabricated observation form.  

Within the evaluation concept, the exercise observers were divided according to the subject areas specified in the 
observation sheet; in addition, there is a free and person-related observer. The exercise observers must be trained 
in advance to coordinate the understanding of the individual observation criteria. 

The developed observation sheet includes the name and the function to be observed as well as the following four 
topics:  

1. implementation of the SORTIE-System 

2. operational sequence/procedure 

3. data of the SORTIE-System 

4. modes of operation and weaknesses of the SORTIE-System. 
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The observation sheet includes 16 observation criteria, which can be considered both closed-ended and open-
ended for holistic data collection. The same category system was used for the questionnaires for the closed 
observations. For the open-ended observations, measurability criteria were defined, and tools for documentation 
were developed to match them, thus ensuring the objectivity of the observations. The observation forms were also 
adapted to the national and international tabletop exercise, whereby only the underlying standards and guidelines 
and the procedure were adapted for the comparability of the data.  

Figure 5 shows an excerpt of the developed observation sheet: 

 

 
Figure 5: Observation criteria 3 and 4 of the Observation Sheet for the Exercise Observers 

 

An observation room was set up so that the observers did not influence the course of the tabletop exercise, the 
participants and thus also the results of the tabletop exercise. The evaluation technique already presented enables 
precise observation through video and audio transmissions, whereby the observers can switch between different 
camera perspectives to be able to fulfil their observing task.  

Photo, Video and Audio Recordings 

Photo, video and audio recordings enable later observation after the tabletop exercise, reduces the exercise 
observers' workload and make the tabletop exercise reproducible and verifiable, so that questions that were still 
open or arise later can be answered afterwards. For this purpose, the camera and microphone positions must be 
determined and tested in advance to obtain usable and comprehensive recordings. 

Observations from a tabletop exercise already carried out by the TH Köln in 2018 show that it is possible to carry 
out observation assignments in a separate observation room utilizing audio and video transmission. However, the 
technical implementation required improvement, as the number of microphones seemed too small to understand 
and assign individual spoken contributions in the lab. Moreover, audio and video signals were not well 
synchronized. (Schmitz et al., 2019, p. 259) The revised evaluation concept for SORTIE is shown in Figure 6. 

Due to the change in evaluation technology, the audio recording in SORTIE was done by a camera placed in a 
bird's eye view above the diorama, which meant that the image and audio signal were matched. The sensitivity 
was sufficient to follow all conversations in the room. In order to record and evaluate the spoken word of 
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particularly relevant decision-makers, the incident commander and the operator of the drone were also equipped 
with a bodycam, which additionally recorded images and audio and transmitted them to function-specific 
observers (1 and 2, Figure 6). By using cameras with audio recording, all audio signals were transmitted 
synchronously with the corresponding image track. In addition, an independent observer was equipped with a 
bodycam, which recorded the events in the laboratory. This material was only viewed after the exercise. One 
camera showed a room overview, including the clock located in the laboratory. By transmitting the time from the 
lab room to the observer room, any time offset (1.5 sec.) that might have occurred was counteracted. The 
participants and observers could thus assign all actions to the same time. 

 

 
Figure 6: Exemplary technical structure of the evaluation in the tabletop exercise for the research project SORTIE 

 

EXAMINATION OF A TABLETOP EXERCISE (USING THE SORTIE-PROJECT AS AN EXAMPLE)  

Different methods were applied within the evaluation of the tabletop exercise for the project SORTIE. The answers 
of the participants and observers were translated into numbers (agree = 1, rather agree = 2, rather disagree = 3, 
disagree = 4) and entered into an Excel file. This file and its design should enable a quick and targeted evaluation 
and a meaningful presentation and comprehensibility of the results. 

The methods used include a boxplot, a bar chart, a profile line for the evaluation of the mainly used closed-ended 
questions and the evaluation of the open-ended questions and observations, which only serve to support and 
understand the quantitatively collected data. 
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Figure 4: Evaluation of the closed-ended and open-ended questions 

RESULTS 

The tabletop exercise allows participants to re-enact situations in an artificial environment (Peters and Vissers, 
2004, p. 75) and to teach mission leaders the correct behaviour during a mission using a model situation or to 
prepare and follow up missions according to the given tactical rules (Rempe et al., 2014, 11,18). This can always 
be tested through a planned exercise with less effort and in a protected environment. 

The evaluation method can consist of quantitative or qualitative approaches, whereby mainly quantitative 
approaches were used within the tabletop exercise in the project SORTIE in order to enable a targeted and 
straightforward evaluation. For this purpose, an evaluation method consisting of three sub-areas: participant 
questioning; exercise observers; photo, video and audio recordings, was developed. The questionnaire and 
observation sheet consisted mainly of closed-ended questions and observation criteria, supplemented by open-
ended questions and observation criteria for holistic data collection. Additional tools were provided for objective 
observation and easy evaluation for the open-ended observations, to enable precise observation and 
documentation. Social science methods are particularly suitable for the basic design of the evaluation, as they are 
easy to apply and already familiar to many participants. This also ensures the validity of the results. Through the 
interplay of different methods, a holistic data collection can be ensured within the framework of a project. It is 
important to adapt the methods of tabletop exercises and evaluation exactly to the goals to be achieved and the 
tactical level to be considered in the project SORTIE.  

For the evaluation of the closed-ended questions and observation criteria, an Excel file was created in which the 
participants answers were translated into numbers. The results were then displayed, by calculating a mean value 
as a boxplot, bar chart and profile line of the mean values. This enabled a quick reading of the most important 
results, and it can be quickly recognised in which areas there is still potential for improvement. The open-ended 
questions were then evaluated for the comprehensibility and completeness of the quantitatively collected data. 
This also made it possible to compare the data collected with the closed-ended questions and observations with 
the results of the open-ended questions. 

Within the tabletop exercise and afterwards, the developed evaluation method proved suitable for a targeted 
collection and evaluation of data. The closed-ended questions made it possible to generate important data and 
evaluate its significance quickly. It was also easy to deduce where improving the system was necessary. Through 
the supplementary questions and the free-text answers of the participants, it was possible to gain a comprehensive 
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insight into the tabletop exercise and record aspects that were unknown in advance. 

The same applies to the closed-ended and open-ended observations of the observers. However, it must be taken 
into account that some observers stated that they did not hear all the relevant processes and conversations within 
the tabletop exercise or could not understand them via the microphones and the transmission. In the future, it must 
therefore be further considered whether a possible information deficit of the observers can and should be accepted 
if, in return, an undisturbed implementation of the tabletop exercise is possible in another room.  

ERROR DISCUSSION 

Sources of error within the tabletop exercise can lie in the data collection and the evaluation of the data, since the 
artificiality of the exercise must be taken into account here because not all contents of the scenario can be presented 
in detail and close to reality. Because of this, participants could behave differently within the tabletop exercise 
than they would in real operations. 

The preparation of the participants can also be a source of error. Here, an introduction to the topic, the system and 
how the system is used is necessary to ensure that the system is used effectively and as realistically as possible 
within the tabletop exercise and thus also to collect evaluable data. 

Furthermore, subjective impressions might flow into the results via the exercise observers and thus falsify the 
results. Through training in advance and a trial run of the tabletop exercise, as well as through standardised 
observation criteria with measurability criteria and suitably developed tools, an attempt was made to counteract 
this. Moreover, since the observers are not experts in the field of USAR operations and the system, an additional 
basis for error is possible. 

Dishonest answers of the participants within the questionnaires can also falsify the results. In order to minimise 
these eventualities, the participants were trained before the tabletop exercise. In addition, the data within the 
evaluation was anonymised so that it cannot be traced back to individual persons. 

Another source of error could be if the positions within the tabletop exercise are not filled in a way that is 
appropriate to the subject matter and qualifications. This would mean that the operational procedure and thus also 
the use of the system would not be implemented realistically, which would make the collected data worthless. 
This was counteracted by filling the positions according to previously asked qualifications within organisations 
and experiences from real operations. 

CONCLUSION  

Tabletop exercises enable situations to be played out in an artificial environment and thus enable the participants 
to acquire knowledge and skills.  

Within the project SORTIE, an evaluation method consisting of three standardised areas enabled the evaluation 
of the tabletop exercise. 

In summary, it can be said that the evaluation method and the preparation and implementation of the tabletop 
exercise made a fully comprehensive data collection possible, whereby the objectives of the tabletop exercise 
could be fully met. 
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ABSTRACT 

Measuring situation awareness (SA) and situation understanding (SU) is an important topic for Command & 
Control research. Virtual simulations (VS) have been proposed as a suitable method for measuring SA/U, but, 
there is little research into how to build scenarios for VS so that SA/U can be measured reliably. In this study, we 
used two different VS scenarios and the Quantitative Analysis of Situation Awareness (QASA) method to 
measure, and provide feedback on, actual and perceived SA/U.  Two VS scenarios were tested in Estonia with 36 
trainees. The results of the different scenarios were compared to establish whether the scenario storylines and 
authoring process resulted in differences in SA or SU. We conclude that reliable assessment results were produced 
with both authoring processes, and further suggest that the Collaborative Authoring Process Model for Virtual 
Simulations (CAPM) be used for VS creation. 

Keywords 

situation awareness (SA), situation understanding (SU), FireFront, The Collaborative Authoring Process Model 
(CAPM) for Virtual Simulations (VS), actual situation awareness (ASA), actual situation understanding (ASU), 
perceived situation awareness (PSA), perceived situation understanding (PSU), Quantitative Analysis of 
Situation Awareness (QASA). 

INTRODUCTION 

Effective performance in safety-critical situations requires both good situation awareness (SA) and situation 
understanding (SU).  In dynamic and naturalistic decision-making situations, such as firefighting incidents, actual 
situation awareness (ASA) indicates how aware participants are of relevant aspects of the situation (FireFront 
Project, 2021). ASA is an evaluation of the participants’ phenotype schema (a knowledge structure representing 
the current situation) obtained by comparing the individual’s knowledge of the situation to the ‘ground truth’ 
(Edgar et al., 2018). For perceived situation awareness (PSA), participants subjectively indicate, how good they 
thought their SA was (FireFront Project, 2021). Actual situation understanding (ASU) reflects the individual’s 
ability to use information available to them while combining it with their knowledge and experience (a genotype 
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schema) to ‘make sense’ of the situation (Thoelen et al., 2020) - as compared to the objectively ideal assessment. 
Perceived situation understanding (PSU) indicates how good participants thought their SU was (FireFront 
Project, 2021). 

This study presents data from the FireFront project (Thoelen et al., 2020) that is a further development of a 
previous project, FireMind (Arendtsen et al., 2016). FireFront has developed to measure actual and perceived SA 
(ASA/PSA), as well as actual and perceived SU (ASU/PSU).  The aim of the project is to support the training and 
self-awareness (via automated feedback) of dynamic decision-making for incident commanders in fire and rescue 
operations. VS based videos are produced and then statements about these videos are presented, which participants 
are asked to respond to. Measures of SA are calculated in FireFront using the well-validated QASA (Quantitative 
Analysis of Situation Awareness) method (Thoelen et al., 2020) that asks participants whether statements about 
the scenario are true or false. SU is assessed by asking participants to judge whether information is relevant, or 
irrelevant, to the successful completion of the task. 

Simulations are widely used for the measurement of SA (Endsley, 1995) and VS are seen as a valuable tool for 
assessment of firefighters’ SA. Building effective scenarios is, however, a resource-heavy operation.  One of the 
scenarios (the ‘baseline-scenario’ - BS) reported in this paper was built for the FireFront project by experts from 
six different countries using an iterative process to develop the scenario and the measures within it.  Although this 
is a robust method for scenario building, it took a considerable amount of time and effort. Moreover, it is not 
feasible to employ a similarly resource intensive process of authoring scenarios in practical settings of training 
organizations where hundreds incident commanders are trained using VS. Furthermore, there is also evidence that 
it is beneficial to involve trainers in the development of the scenarios, rather than using ready-made or expert 
generated scenarios. This is because the former ones can be adjusted to local settings and trainers themselves gain 
knowledge about SA and its assessment. Therefore, the efficient construction of different VS scenarios is 
important for both practical and scientific reasons. 

For that incentive, we created a second scenario (we call "national scenario"-NS) following the Collaborative 
Authoring Process Model (CAPM), a methodology for involving trainers into the creation of VS scenarios 
(Polikarpus & Ley, 2021). CAPM represents an efficient and tightly-specified method for generating VS 
scenarios. The generalizability of the CAPM needs, however, to be established as it is unclear whether CAPM 
can be used for building scenarios for different SA/U measurement method.  

The current paper has the following aims: to extend the applicability of CAPM (Polikarpus et al., 2020) to 
scenarios that provide computer generated feedback on ASA, PSA, ASU and PSU - and to establish that the 
scenarios developed using the CAPM are functionally equivalent to those developed using the more time-
consuming method in FireFront. 

To address these aims we ran two scenarios with the same participants. We then collected ASA, PSA, ASU, and 
PSU data using both VS scenarios in a classroom setting under researcher supervision. To test the CAPM 
applicability for scenario creation we compared data collected for the CAPM scenario (NS) with the expert-
generated BS. In the event that no significant differences between ASA/U are found and that there is a high 
correlation between the scores, we can assume that the two ways of creating scenarios give equivalent results and 
therefore the practical use of CAPM is justified in training organizations. 

BUILDING VIRTUAL SIMULATION SCENARIOS 

As stated above to be able to measure SA/U VS scenarios are needed. The following subsections give overview 
about VS scenario creation, one for NS and one for BS.  

BUILDING THE NATIONAL SCENARIO USING THE COLLABORATIVE AUTHORING PROCESS MODEL 
(CAPM) 

To be able to measure ASA/U, the incident commander needs to be presented with a realistic and immersive 
scenario with which they can feel they are involved (Polikarpus et al., 2020). The CAPM was developed to be 
used to assess incident commanders’ dynamic decision-making skills by means of VS and it is practically 
applicable in fire service training organizations as it involves trainers in the building process (Polikarpus & Ley, 
2021). Table 1 presents the main steps of CAPM that were used to build the NS. The storyline is that there is a 
fire in a car repair shop, one unconscious person inside, and one injured casualty standing outside. In the burning 
room are gas cylinders and waste oil. 
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Table 1. The FireFront Collaborative Authoring Process Model for Virtual Simulation (Polikarpus & Ley, 2021) 

Steps Sub-activities Producer 
activities 

Scriptwriter 
activities 

1.Establishing the
conceptual basis for
measuring SA (e.g.,
Effective Command,
QASA, other SA
measuring method). Use
an Excel spreadsheet to
develop storyline.

• Find a co-author

• Write the storyline

• Choose the software for
visualizations

Works with visual 
aspects of 
scenario. 

Drafts the 
storyline through 
dialog box and 
true/false; 
relevant/irrelevant 
statements. 

2.Author the scenario
using virtual reality
or combine real-life
media files.

• Create or combine
illustrative materials

• Find relevant situation
elements

• Add the videos and
statements into FireFront

Combine situation 
elements into 
visualization. 

Helps to create the 
situation elements 
visualization. 

3.Technical testing:
reviewed by two
experts.

• Dynamic play-through of
the scenario using
FireFront

• Discussion based on
disagreed statements

Take part in discussions. 

4.Finalize the VS by
modifying unclear
statements.

• Amendments in video files
if visualisation needs to
be connected.

• Adding missing elements
or new statements or
correcting statements’
phrasing

Make amendments 
in visualization. 

Make amendments in 
statements. 

5.Pilot and evaluate
with trainees.

• Statistical analyses of
the group data.

Make the statistical analyses 

The NS was fully developed in XVR On-Scene (2020 version) software for incident commanders’ assessment 
using the CAPM (Polikarpus & Ley, 2021) as follows: 

Step 1.  The statements required to measure ASA and ASU with QASA were inputted using an Excel spreadsheet 
that laid out the statements used, and the visual/auditory information in the scenario to which they referred. 

Step 2.  The scenario visualization in video format (including background noises) was created by the “producer” 
(third column in Table 1) using XVR-OS software from the instructor point of view. The “scriptwriter” (fourth 
column) used the incident commanders’ point of view captured using software Camtasia 6 (TechSmith, 2021). 
Audio was recorded using computer microphone and added to the videos using Camtasia. Altogether, eight videos 
were created, the shortest 27 seconds and the longest 1 minute 20 seconds.  

Step 3. Two further experts (independently of the authors) did a dynamic playthrough of the scenario. Each 
statement that was answered differently was discussed and reviewed. At the end of this testing phase, the 
suitability and phrasing of each test statement was agreed between the four experts.  

Step 4.  Changes were made to statements to ensure they reflected the scenario.  This is less time consuming than 
changing the scenario to match the statements. New videos or pictures could, however, be added to the scenario 
if necessary to increase the quality of the scenario.  

Step 5.  Statistical data analysis (see Results section) was conducted after the scenario had been completed by 
trainees to eliminate or guide rewording of, any ‘poor’ (e.g. misunderstood) statements.  

BUILDING THE BASELINE SCENARIO 

The BS is a collaborative effort of several SA/U measurement international experts (Thoelen et al., 2020). It took 
around one year to agree and create the BS that suited incident commanders’ ASA/U measurement in international 
context. The final scenario is a visualization of a road traffic accident between three cars in a small-town 
environment. The BS was built using XVR (On-Scene 2017 version). The statements to measure SA/U had to be 
adjusted for six countries to prevent the undue influence of national procedures and culture in interpreting the 
information. In the scenario there were three videos used to illustrate the accident site and changes in the situation. 
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The shortest video was 1 minute 47 seconds and the longest 6 minutes 20 seconds. The order of statements and 
phrasing of them had to be changed several times. While the video is played in FireFront the trainee sees it over 
the full screen (see figure 1). 

Statements that could be answered true/false were used to measure ASA and statements that could be judged 
relevant/irrelevant were created to measure ASU. For example, statements like “There was a motor bike involved 
in the accident.” (correct “False”) or “The police controlled vehicle access.” (correct “True”) were used to measure 
ASA. The proportion of correct answers was used to calculate ASA. Statements like “Knowing the sex of 
casualties involved is relevant;” (correct “irrelevant”) or “At a road traffic collision (RTC) knowing if there are 
any environmental issues is relevant;” (correct “relevant”) were used to calculate the ASU. 

PSA and PSU were assessed using the question “How sure are you that the response you have given is correct?” 
after every statement, and it could be answered on a 4-point scale: “Uncertain” (1); “Fairly uncertain” (2); “Fairly 
certain” (3) and “Certain” (4) (Edgar et al., 2018). 

DATA COLLECTION 

The FireFront application was tested by trainees using the BS and NS in 2021 in Estonia in groups of two to ten. 
(see Figure 1). The researcher gave a short presentation of the study and introduced the activities expected from 
trainees. Inside the application a consent form was “signed” by the trainees. Altogether, 36 trainees took the 
scenario using individual headsets and computers (Figure 1). After the trainees had done the scenarios raw data 
files from each computer were collected manually. All data analysis was done using the methods described in 
Edgar et al., (2018). 

Figure 1. Testing the FireFront application in The Estonian Academy of Security Sciences 

To answer research question: Does the CAPM generated scenario give similar results as experts created BS with 
the same ASA/U measurement method and group of trainees?” we calculated descriptive statistics and correlation 
analyses, with the hypothesis that performance on the two different scenarios would show significant correlations. 

RESULTS 

Answering RQ: Does the CAPM generated scenario give similar results than the BS for aspects of ASA/U? 

The same participants (n=36) took the NS and BS using the same application version in a classroom setting. Figure 
2 shows the mean values of ASA/U, and PSA/U for the scenarios. The standard deviation (SD) for the BS ASA 
was 12,3 and for the NS ASA SD=13,8 and the NS ASU SD=13,4, while the NS PSA SD=22,2 and PSU SD=27,1.  
The scores for all measures can run from -100 to +100.  Note that a negative ASA or ASU indicates a 
misunderstanding of the situation on the part of the participant. 
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Figure 2. Comparison of baseline and national scenario results taken by same group of participants 

To test whether the mean scores in the NS were comparable to the BS, we performed a t-test to compare the SA/U 
scores. There were no statistically significant differences between the two scenarios on any measure. We conclude 
that the two scenarios were comparable in the terms of the demands to SA/U VS based measurement using QASA. 

A series of Pearson´s correlations were also conducted (see Table 2). All correlations indicated positive correlation 
between scores. There was a significant correlation between ASA BS and ASA NS scores (r=0,41; p < 0.01).  
There was a significant correlation between ASU for BS and NS (r=0,58; p < 0.01), indicating that performance 
was similar in the BS and NS scenarios. 

We expected a positive correlation between PSA and PSU because it is measuring the general confidence level of 
incident commanders within a scenario (see Table 2 PSA BS and PSA NS r=0,76; p < 0.01; PSA BS and PSU BS 
r=0,77; p < 0.01; PSA BS and PSU NS r=0,68; p < 0.01 indicating medium correlation). ASA and ASU as well 
ASA and PSA/U did not correlate significantly within BS, which has also been found previously (Sallis et al., 
2022). 

Table 2. The correlation between baseline (BS) and national (NS) scenario results.  Pearson’s r is given in each cell and 
significant (p<0.05) correlations are shown in bold. 

ASA 
BS 

ASA 
NS 

ASU 
BS 

ASU 
NS 

PSA 
BS 

PSA 
NS 

PSU 
BS 

PSU 
NS 

ASA baseline (BS) 1,00 

ASA national (NS) 0,41 1,00 

ASU baseline (BS) 0,24 0,51 1,00 

ASU national (NS) 0,31 0,19 0,58 1,00 

PSA baseline (BS) 0,27 0,15 0,16 0,19 1,00 

PSA national (NS) 0,36 0,37 0,19 0,17 0,76 1,00 

PSU baseline (BS) 0,31 0,27 0,31 0,10 0,77 0,59 1,00 

PSU national (NS) 0,39 0,41 0,37 0,30 0,68 0,88 0,63 1,00 

CONCLUSION 

Efficient creation of VS scenarios is critical for operations of a training organization. While the BS was created 
using expert input and a tedious process of mapping SA/U requirements to the VS possibilities, CAPM was used 
for building the NS that involves trainers actively in the building process and is a more realistic method for 
practical purposes. The data suggest that CAPM can be used to generate a scenario (the NS) that produces similar 
results (for ASA/U) to the BS, that took a lot more time and resource to put together. These are promising results 
that need to be confirmed to be used in international context. 

The scenarios described here were also some of the first to use QASA to assess SU as well as SA and this generated 
data that warrant further research; for example, that there was no significant correlation between ASA and ASU 
in either the NS or BS. 

In summary, the implementation of QASA within the FireFront tool offers a robust method of measuring ASA/U 
and PSA/U. CAPM reduces the resources required to build valid scenarios for use within tools such as FireFront, 
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and other tools. Providing robust scenarios that incorporate measures of SA/U that can both be used to assess 
firefighter performance, as well provide firefighters with awareness of these concepts, we believe are valuable 
additions to firefighter training. 

Future studies will explore the use of CAPM to build a wider range of scenarios using a wider range of 
technologies (e.g. using video from body-cams) and also to investigate the use of the SA/U measures with other 
first responders in safety-critical situations. 
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ABSTRACT 

In recent years the concept of urban resilience has acquired great relevance within urban planning. The complexity 
of urban systems and the wide scope of the resilience concept require tools to facilitate the integration of the 
concept in urban development. Numerous studies, tools, and theoretical frameworks have been developed to 
support the resilient transformation of cities. However, these initiatives are usually not holistically integrated and 
limit incorporating the changes and advances in the resilience concept. This article highlights the importance of 
shifting from a continuously-building-new approach to building on an existing knowledge approach. This study 
has updated and improved the maturity model developed within the Horizon 2020 project Smart Mature 
Resilience. A bibliometric analysis was carried out to study the developments in resilience over the past four years 
and to integrate the relevant advances in the area into a new version of the Smart Mature Resilience Maturity 
Model (SMR MM). 

Keywords 

Resilience dimensions, bibliometric analysis, urban resilience, framework 

1. INTRODUCTION

The population growth and the consequent urbanization increase the exposure and vulnerability of urban areas to 
various risks and hazards affecting all city dimensions, including environmental, social and economic factors 
(Jabareen, 2013; Z. Liu, Xiu, & Ye, 2020). In response to these challenges, the concept of resilience has 
increasingly been recognized as an essential principle in urban development. Urban resilience focuses on 
developing the preventive and adaptive capacities for dealing with unexpected threats rather than managing known 
city’s risk (Meerow, Newell, & Stults, 2016; Normandin, Therrien, Pelling, & Paterson, 2019). In this study we 
use the IPCC definition on resilience “capacity of social, economic, and environmental systems to cope with a 
hazardous event or trend or disturbance, responding or reorganizing in ways that maintain their essential function, 
identity, and structure, while also maintaining the capacity for adaptation, learning, and transformation (IPCC, 
2014).  

Urban systems are dynamically complex, governed by non-linear and dynamic relationships constantly changing 
over time (Rotmans, van Asselt, & Vellinga, 2000). Consequently, the process for increasing urban resilience 
should be addressed from a multi-dimensional and holistic point of view (Serre & Heinzlef, 2018). The wide 
scope of the concept and the complexity in developing methods to measure the city’s resilience level requires a 
resilience framework that allows representing this complexity and, more importantly, incorporating the changes 
in the concept over time.  

In this context, a Smart Mature Resilience Maturity Model (SMR MM) was developed by the Horizon 2020 
project Smart Mature Resilience (SMR). The main aim of the SMR MM was to facilitate the operationalization 
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of the city’s resilience building process by defining paths that help cities prioritize resources and efforts to develop 
resilience (Hernantes et al., 2019).  

However, the changes of resilience-related concepts and the feedback provided by the cities in adopting resilience 
strategies justify a revision and update of the original SMR MM. 

This article presents an analysis of the developments in resilience over the past four years and describes the 
revisions they motivated in the initial SMR MM. Due to the complexity of the development process of the SMR 
MM, we believe building upon existing knowledge is preferable to building a new model from the beginning. The 
result is a new version of the SMR MM, which is the basis for an ongoing operationalization (J.H.Canos et al, 
2022).  

Although numerous studies, tools, and theoretical frameworks have been developed in the field of urban resilience 
(Arup, 2014; UNISDR, 2015; 100 Resilient cities, 2016; Cardoso et al., 2020; Wardekker et al., 2020; Word Bank 
Group, 2021), only part of these isolated initiatives have been holistically integrated. Instead of developing new 
resilience frameworks, we consider that improving, updating, and integrating the relevant advances in the area 
into a new version of the SMR MM is a more efficient approach to support the transformation of urban areas into 
a more resilient system. To complete the review and update the SMR MM, a bibliometric analysis combined with 
a semi-structured literature review was carried out to study the developments in resilience over the past four years 
and integrate the relevant advances in the area into a new version of the SMR MM. Therefore, the main research 
questions are: a) which elements were not sufficiently considered in the first version of the SMR MM?; b) is the 
bibliometric analysis a feasible tool to identify gaps in the resilience field and, thus, opportunities for improving 
the SMR MM?The remaining of this article will cover the background information about the SMR MM (Section 
2) and a description of the methodology adopted to perform the SMR MM update (Section3). Section 4 describes 
the advances we found in the resilience concept and how they were incorporated in the new version of the SMR 
MM. In Section 5, we discuss the benefits brought by the changes introduced and their effects on the 
operationalization process. Finally, Section 6 concludes the paper.  

2. BACKGROUND 

The SMR MMis designed as an easy-to-use tool for assessing and improving cities' preparedness, response, and 
recovery when known or unknown risks or hazards occurs ( Iturriza et al., 2019; Labaka et al., 2019). This tool is 
intended to be used by the city’s decision-makers responsible for building resilience. The SMR MM was 
developed as a roadmap that includes a sequence of maturity stages for cities that facilitates the self-assessment 
of the city’s resilience level. Each maturity stage includes policies designed to enhance and develop the overall 
resilience level by moving from one stage to the next. The SMR MM was developed through a co-creation process 
in which 40 experts with different background and from diverse cities in Europe took part (Hernantes et al., 2019). 
The SMR MM defines five sequential maturity stages (Starting, Moderate, Advanced, Robust and Vertebrate) that 
the city should go through in order to develop resilience. Each stage is characterized by a set of objectives, 
involved stakeholders and a list of policies that should be implemented to achieve the states’ objectives. These 
policies are classified into four dimensions (leadership and governance, preparedness, infrastructures and 
resources, and cooperation). At the same time, each dimension has been divided into sub-dimensions that group 
sets of policies. The leadership and governance dimension comprise four sub-dimensions (Cross-sectorial and 
multi-governance collaboration, L1; Legislation development and refinement, L2; Learning and dissemination, 
L3 and Resilience action plan development, L4). The preparedness dimension contains policies to improve the 
diagnosis and assessment of the city resilience level and policies to engage and train stakeholders to deal with 
disasters. This dimension comprises two sub-dimensions (Diagnosis and Assessment, P1 and Education and 
Capacity building, P2). To develop the resilience action plan, a series of policies to achieve higher levels of 
robustness, redundancy, resourcefulness, and rapidity in the face of a disaster are grouped into two sub-dimensions 
(Infrastructures and essential services I1 and resources to build up resilience I2). Finally, the cooperation 
dimension is divided into two sub-dimensions (Collective engagement and awareness, C1 and Involvement in 
resilience networks of cities, C2). Both sub-dimensions include policies seeking for the partnership between city 
stakeholders as well as alliances with other cities. Figure 1 represents a graphical description of the SMR MM 
structure. A detailed description of the model and the process at which it was created can be found in (http://smr-
project.eu/). 
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Figure 1. Showing initial SMR MM structure. On the horizontal axis maturity stages: Starting, Moderate, Advanced, 
Robust and Vertebrate. On the vertical axis are found resilience dimensions: Leadership and governance, 
Preparedness, Infrastructure & Resources and Cooperation 

3. METHODOLOGY 

This study undertook a two-tier analysis combining semi-structured literature review and bibliometric analysis to 
examine two aspects of the SMR MM: its policies and resilience dimensions (see figure 2). Firstly, the dimensions 
proposed in 2016 were reviewed and compared with the most recent publications and frameworks on resilience. 
The intention was to identify resilience dimensions that were not already included in the SMR MM and that could 
potentially improve the operationalization and usefulness of the SMR MM if included. Secondly, a complete 
revision of resilience policies proposed by other resilience frameworks was reviewed to improve and develop a 
more complete SMR MM. In a first step, the bibliometric analysis was used to make the first quantitative analysis 
of the scientific works on the concept of resilience applied to cities. The objective of this analysis was to study 
the development of the resilience approach in the last five years in order to identify aspects that were not 
considered in the development of the SMR MM (i.e. resilience dimensions). In a second step, the literature review 
was used to validate the bibliometric analysis’s conclusions and identify resilience policies. 

 
Figure 2. Flowchart diagram showing the methodological process 

3.1. Bibliometric analysis 

Bibliometric analysis facilitates the examination of past and future growth of the literature of a given domain by 
statistically analysing scholarly documents (Aria, Misuraca, & Spano, 2020; Cobo et al., 2011). Quantitative 
methods to map science structure are a useful tool for research planning. For instance, co-word analysis has been 
widely used within the bibliometric techniques to identify the main themes within a discipline or research area 
(He, 1999). This approach offers the possibility of detecting linkages among research areas that otherwise may be 
difficult to reveal. It also facilitates the description of the dynamic evolution of a research study (Kostoff, 1993). 
This study uses this analytical method to examine large volumes of documentation related to the resilience concept 
to map its trend and research direction over time and the main research fields at which the concept of resilience is 
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being applied. We have combined bibliometric analyses such as co-occurrence analysis or keywords co-
occurrence networks to reveal the most relevant resilience dimensions from the existing resilience frameworks. 
The purpose of combining different analyses was to investigate the aspects of the scientific work related to 
resilience and to identify gaps in the defined resilience dimensions and policies in the first version of the SMR 
MM. 
In this study, the Bibliometrix-R package (http://www.bibliometrix.org) was used to perform a comprehensive 
science mapping analysis of the recent (5 years) scientific literature on resilience. This open-source platform 
provides a set of tools to execute quantitative research in bibliometrics (Aria & Cuccurullo, 2017). After defining 
the research objective (reviewing and updating the SMR MM), the bibliometric analysis was carried out in three 
steps: 1) Data collection, 2) data analysis, and 3) data visualisation and interpretation.   

3.1.1 Data collection 

In this study, Scopus (http://www.scopus.com) was used to collect and screen peer-reviewed journal articles. We 
employed strings of keywords (“Urban” AND “Resilience” AND “Resilient” AND “Framework”) to search 
relevant studies on resilience. We also filtered all those research works not written in English and only analysed 
studies from the past five years. A total of 250 articles were analysed. The metadata stored in Scopus was 
converted into a suitable format to be analysed and processed by the bibliometrix-R package. To ensure the 
reliability of the data a process to delete duplications was carried out. 

3.1.2 Data analysis 

Scientific journals and authors assign keywords (concepts with high relevance to their research topic) to the 
different scientific publications or research works. The bibliometric analysis uses these keywords as units of 
analysis. In this research, the tools provided by the Bibliometrix package were used to extract a co-occurrence 
network and perform a co-word analysis from the title, keywords and abstract. The main principle of the co-word 
analysis is that the proximity of pairs of words in a document (e.g. words from abstracts) is used to identify 
relationships within the subject areas presented in the texts (Kostoff, 1993). To facilitate the visualisation and 
analysis of the results, the interconnections are represented in a co-occurrence network. The strength of the 
relationships composing the network is defined by criteria such as the inclusion index (Rip & Courtial, 1984) and 
the proximity index (Peters & van Raan, 1993) used to cluster different elements of the network map into groups.  

The analysis of the networks was used to a) characterise the main resilience topics, b) reveal the conceptual 
structure and c) map the thematics of the resilience domain. As a result, we obtained a description of the main 
topics covered by the studied journals, in addition to understanding the thematic evolution of the resilience concept 
and identifying important themes that were not considered in the first version of the SMR MM. 

3.1.3 Data visualisation and interpretation 

In this stage of the bibliometric analysis, intuitive visualisation tools from the Bibliometrix package were used to 
map and represent the scientific structure of the resilience field. More specifically, co-occurrence networks and 
thematic maps were used to visualise the trends in the field of resilience (See figure 3 and 4 from the results 
section). Co-occurrence networks represented the frequency at which pairs of words appeared simultaneously in 
the abstract, title or keyword, facilitating the identification of themes usually studied together in resilience 
research. In the network, each theme is represented by a node connected with other nodes with an edge or link 
representing their co-occurrence (proximity in a text). At the same time, clusters of nodes (themes) with high 
proximity between them are grouped into clusters (Liu & Mei, 2016). The node´s impact level in the networks is 
represented by its size and is dependent on the theme´s frequency and the number of connexions with other nodes. 
The thickness of the link represents the strength of the relationships between nodes.  

The thematic map was used to plot themes according to their centrality (importance of a node within a graph 
defined by the number of links of a node) and density rank (proportion of direct links in the network relative to 
the total number possible). Each theme or cluster was represented in a two-dimension space that allowed for 
classifying the themes into four groups: lower-right quadrant: basic themes; lower-left quadrant: emerging or 
disappearing themes; upper-left quadrant: very specialised/niche themes and upper-right quadrant: motor themes.  
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3.2. Literature review 

The interpretation and complete analysis of the bibliometric results was carried out with a semi-systemic literature 
review performed in two phases. In the first phase, 60 out of the 250 articles used for the bibliometric study were 
selected for extensive reading. The 60 articles were chosen based on whether the study proposes or defines a 
resilience framework that includes resilience dimensions and policies, indicators or actions for its development or 
assessment. The main objective was to understand how the different studies understood the concept of resilience 
and recognise different dimensions to be covered by the term resilience. The dimensions mentioned in each study 
were numbered to identify dimensions that were not considered in the SMR MM. Once the dimensions mentioned 
in each scientific work were identified, we conducted a homogenisation process since many of the dimensions 
differed in the term used but not in its meaning. The dimensions described in the SMR MM were taken as a 
reference in the homogenisation process.  

After the litteratura review, we selected five resilience frameworks based on the level of details they provide as 
well as for their recognition and popularity in building resilience (see table 1). Taking these frameworks as a basis, 
the main objective was to identify policies that had not been described in the SMR MM to improve and facilitate 
its operationalisation.  

 

Table 1. Resilience frameworks selected for extensive reading. 

Framework Focus Reference 

Resilience assessment framework (RAF) Climate Change 
(Cardoso et 
al., 2020) 

 

City Resilience Framework City resilience 
(ARUP, 
2014) 

 

A diagnostic tool for supporting policymaking on 
urban resilience Policy making support 

(Wardekker 
et al., 2020) 

 

Disaster Resilience Scorecard Disaster resilience in local 
governance 

(UNDRR, 
2017) 

 

UN-Habitat Resilience Participatory resilience planning 
methodology 

(UN-
Habitat, 
2018) 

43. RESULTS 

In this section, first, the results obtained from the bibliometric analysis will be presented. Then, the findings from 
the literature review analysis will update and improve the maturity model developed within the Horizon 2020 
project Smart Mature Resilience. 

4.1 Results from the bibliometrics analysis 

The results of the co-occurrence network show four clusters represented with different colours centred around 
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four core themes or disciplines, respectively (see figure 3). The core themes (node with more substantial 

influence) for each cluster are climate change (in purple), sustainable development (in green), urban planning (in 
orange) and conceptual framework (in red). The results of the thematic map support the conclusions of the 
network (see figure 4). Climate change, sustainable development and urban planning appear again as influential 
clusters of the map. Additionally, the map shows the importance of other terms such as ecosystems resilience or 
environmental protection. A total of six clusters are represented on the map. The terms ecosystem resilience, 
urban design and flooding are represented in the same cluster, located in the upper-right quadrant. These themes 
are characterized by high centrality and high density, meaning well-developed themes with high importance for 
the resilience field (motor themes).  

Two clusters are located in the lower-right quadrant. The first cluster is composed of urban planning, urban area 
and conceptual framework, showing that these words frequently appear together in the same research work. The 
second cluster contains the words climate change, sustainable development and resilience. These two clusters are 
characterized as transversal themes with high centrality but with low density, demonstrating the importance of the 
themes in the resilience field despite their lack of development.  

 

The terms GIS and decision support systems are represented as declining themes within the lower-left quadrant, 
with low centrality and low density. This shows that these themes are not well developed in the resilience field 

Figure 3. Co-occurrence network 

Figure 4. Thematic map 
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and are only mentioned in a small number of studies.   

Finally, two clusters are located in the upper-left quadrant, with high density (well-developed internal links) but 
low centrality (unimportant or irrelevant external links). The first cluster (human, humans and article) lacks 
importance for the analysis and conclusions of this study since it is composed of words frequently used in scientific 
articles, regardless of the discipline. The second cluster contains the terms smart city, decision making and 
environmental protection. This cluster is considered to be highly developed but isolated from the other clusters of 
the map. The analysis of the co-occurrence network and the thematic map stress the importance of the 
environmental dimension in the resilience field as well as the strong influence of the themes of urban planning 
and urban development. The strong relationship these terms show with climate change in the co-occurrence 
network and the fact that both terms were characterized as transversal themes (high degree of centrality in the 
resilience studies) in the thematic map show the need to consider them jointly in the same dimension. For this 
reason, we decided to include the dimension of landscape and urban planning within the SMR MM. We divide 
this dimension into two sub-dimensions, urban planning and environmental. The intention was to represent in the 
same dimension all policies aiming to improve environmental resilience, resilience towards climate change 
impacts, and policies that promote sustainable and resilient urban development. 

4.2 Results from the Literature review analysis  

The results of the first phase of the literature review are reported in Tables 2 and 3. A total of 60 articles were 
selected for an exhaustive reading to analyse the resilience dimensions. From these 60 articles, 20 articles 
mentioned resilience dimensions. Most of the studies differed in terms of referring to the same dimension. Table 
2 shows the dimensions mentioned in each of the 20 articles describing different aspects or dimensions of 
resilience. Furthermore, the table associates these dimensions with those defined by the SMR MM. As shown in 
table 2, many studies identified social or social resilience as an essential dimension in resilience. The 
characteristics and objectives described for this dimension are reflected in the SMR 'preparedness' and 
'cooperation' dimensions. These two dimensions focus on improving society's preparation for risk, including the 
one from vulnerable groups and the cooperation between different stakeholders. As shown in table 2, 14 articles 
out of 20 mentioned dimensions that correspond to the ‘leadership and governance’ SMR dimension. 17 papers 
mentioned dimensions that can be associated with ‘infrastructure and resources’; 16 mentioned dimensions 
associated with ‘preparedness ’and, 14 papers with ‘cooperation’ SMR MM dimensions. Only four articles 
mentioned dimensions that could not be associated with any of the elements described in the SMR MM. Besides, 
none of these dimensions was repeated or mentioned in any of the other articles, being mentioned in isolation on 
one scientific journal. Therefore, they were not considered relevant for our study.  

Finally, the analysis results show the importance of considering the environmental aspect when defining and 
assessing the city's resilience. The 'environmental' dimension was mentioned in 17 of the 20 articles that described 
resilience dimensions (see table 2). This, together with the bibliometric analysis results, reflects the need to include 
a new dimension of the SMR MM that describes specific policies to face climate change and the degradation of 
ecosystems.  

Once the need to include a new dimension was identified, we reviewed six of the most important resilience 
frameworks in depth. This process's main objective was to identify new policies that could improve and facilitate 
the implementation of the SMR MM for resilience policy-making. Two types of policies were included in the new 
version of the SMR MM: new policies not included in any dimension or maturity stage of the model, and policies 
that helped showing the maturity development of an already-included policy. A total of new 27 policies were 
identified and included in the new version of the SMR MM (see table 3). 15 of the 27 policies were not previously 
considered in the SMR MM, whereas 12 out of 27 were included to facilitate the development of existing policies 
across the maturity stages. The updated version of the SMR MM can be found in annex A. Although the maturity 
stage of each policy has not been validated by experts, we have suggested the maturity stage at which the policy 
could be included. The suggestion has been based on our expertise in the field of urban resilience and on our past 
experience developing the SMR MM.  
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Table 2. Showing the dimensions mentioned in each scientific work and the dimension used by the SMR MM to which it corresponds. 

Leadership and 
governance 

Infrastructure and 
resources 

Preparedness Cooperation Environmental Other 
dimensions 

Research article 

 
Organizational Functional 

  
Spatial Physical 

 
(Cardoso et al., 2020) 

Leadership & 
strategy 

Economy & Society Health & Wellbeing 
 

Urban systems & 
services 

 
(Montella & Tonelli, 

2018) 
     

Exante 
component 
Disturbance 
component 

Expost 
component 

Local components 

(Tanner, Bahadur, & 
Moench, 2017) 

Organization 
 

Knowledge People Place 
 

(ARUP, 2014) 

 
Functional Social equity 

 
Species diversity Temporal                

spatial 
(Bush & Doyon, 2019) 

Governance Economy, Infrastructure Society Society 
  

(Feldmeyer et al., 
2019) 

Institutional Economic, Infrastructure Social, 
Information/Comm

unicati-on 

Social 
Information/Comm

unication 

Environmental 
 

(Cutter, 2016) 

 
Infrastructure Quality of life Equity and social 

inclusion 
Environmental 
sustainability 

Productivity (Schlör, Venghaus, & 
Hake, 2018) 

Institutional 
resilience 

Economic Social resilience, 
Community capital 

Social resilience Environmental 
resilience 

 
(Cutter, Ash, & 
Emrich, 2014) 

Institutional Physical, Economic Social Social Natural 
 

(Ribeiro & Gonçalves, 
2019) 

Institutional Physical, Economic Social Social Natural 
 

(Shaw & Team, 2009) 

Governance and 
institution 

Infrastructure Social and 
economic, 

 
Environmental and 

climate change 

 
(Almutairi, Mourshed, 

& Ameen, 2020) 
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Leadership and 
governance 

Infrastructure and 
resources 

Preparedness Cooperation Environmental Other 
dimensions 

Research article 

Institutional Economic, Infrastructure Community Community Environmental 
 

(Cai et al., 2018) 

Institutional Economic, Infrastructure Social resilience, 
Community capital 

Social resilience, 
Community capital 

Environmental 
 

(Chen, Huang, Li, & 
Luna-Reyes, 2019) 

Politics and 
governance 

Infrastructure and services, 
Economy and Livelihoods 

Social and cultural 
dimensions 

Social and cultural 
dimensions 

Space and settlements 
 

(Patel, Sanderson, 
Sitko, & De Boer, 

2020) 
Organisational Functional, Physical 

  
Spatial 

 
(Cardoso et al., 2020) 

Governance and 
stakeholders’ 
involvement 

Economic Sustainability   
Service Management 

Infrastructure safety and 
Robustness Infrastructure 

Preparedness 

Social Involvement 
and co-benefits, 
Infrastructure 
Preparedness 

Governance and 
stakeholders’ 
Involvement 

Resilience engaged 
service 

Environmental 
resilience 

Spatial planning 

 
(Beceiro, Brito, & 

Galvão, 2020) 

 
Technical resilience Social resilience Social resilience Urban resilience 

 
(Serre & Heinzlef, 

2018) 
   

Social cohesion        
Diversity 

 
Innovation          

Tightness of 
feedbacks 
Modularity 

(Suárez, Gómez-
Baggethun, Benayas, & 

Tilbury, 2016) 

political peripheral Economic Social Social Environmental 
 

(Bates, Angeon, & 
Ainouche, 2014) 

445



Gómez Martín et al. Updating and improving the Smart 

Mature Resilience Model 
 

CoRe Paper – Data and resilience: opportunities and challenges  

Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

 

Table 3. Showing 27 policies included in the new version of the SMR MM. 

 
Sub-

dimensions Policy 

REASON FOR INCLUSION 

REF Was not 
included in 

SMR 

To show the 
maturity 

development 

L
ea

de
rs

hi
p 

&
 G

ov
er

na
nc

e 

Municipality, 
cross-sectorial 

and multi-
governance 

collaboration 

Implement the multi-level 
governance approach to establish 
an organisational structure with 
strong leadership and clarity of 

coordination between municipal, 
regional and national levels of 

governance. 

 X 
(UNDR

R, 
2017) 

 

Legislation 
development 

and 
refinement 

Integrate resilience approach into 
existing risk reduction and 

prevention policies by 
establishing new strategies, acts, 

laws and codes. 

X  
(UNDR

R, 
2017) 

 

Resilience 
action plan 

development 

Develop disaster management, 
response and recovery plan. X  

(UNDR
R, 

2017) 
 

Adopt a bottom-up approach that 
facilitates transparent and 

inclusive participatory and multi-
stakeholder consultation 

processes to develop resilience 
planning, policies and strategies 

X  

(ARUP, 
2014; 

UNDR
R, 

2017) 

Integrate climate change 
perspective in developing the 

resilience action plan by 
incorporating climate risk 

information at every phase of 
policy planning. 

X  

(Cardos
o et al., 
2020; 

UNDR
R, 

2017) 

Properly integrate the resilience 
strategy with other key city 

functions (planning, 
sustainability, emergency 

management, infrastructure 
management) 

X  

(Cardos
o et al., 
2020; 

UNDR
R, 

2017) 

Pr
ep

ar
ed

ne
ss

 

Diagnosis and 
Assessment 

Develop and install effective 
systems to detect and monitor 

potential hazards and assess risk 
 X 

(ARUP, 
2014; 

UNDR
R, 

2017) 

Develop effective associated 
communication systems to alert 

about potential risks 
 X 

(UNDR
R, 

2017) 
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Education and 
Training/Capa
city building 

Develop awareness campaigns to 
the most vulnerable and at need 

populations in the city 

 

 
 

 X 
(UNDR

R, 
2017) 

 

In
fr

as
tr

uc
tu

re
 &

 R
es

ou
rc

es
 

Infrastructures 
and essential 

services 

Establish a critical infrastructure 
overview plan or strategy to 

protect the city´s critical 
infrastructures, utilities and 

services. 

X  

(Cardos
o et al., 
2020; 

UNDR
R, 

2017) 

Design and implement measures 
and strategies focused on 

preparing the business for adverse 
events. 

X  

(UNDR
R, 

2017; 
Wardek
ker et 

al., 
2020) 

Establish comprehensive, 
resourceful and flexible business 
continuity planning across public 

and private sectors. 

 X (ARUP, 
2014) 

Define regulations, codes and 
standards appropriate to local 

context and risk profiles to 
guarantee business continuity and 

protective plans. 

 X 
 

(ARUP, 
2014) 

Resources to 
build up 

resilience 

Assess current initiatives and 
funding opportunities for the 
development of resilience. 

X  
(UNDR

R, 
2017) 

 
Establish inclusive and 

resourceful finance mechanisms 
to enable businesses to adapt to 
changing circumstances and put 
in place contingencies for shock 

events. 

 X 

(ARUP, 
2014; 

UNDR
R, 

2017) 

C
oo

pe
ra

tio
n  

    

Collective 
engagement 

and awareness 

Implement an inclusive and 
transparent mechanism to engage 

and communicate with 
governmental groups and 

citizens, aiming to improve 
cooperation between them. 

X  
(ARUP, 
2014) 

Integrate community 
organisations in pre-event 

planning and post-event response 
for each neighbourhood in the 

city by establishing networks and 
training. 

X  

(Cardos
o et al., 
2020; 

UNDR
R, 

2017) 
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Conduct regular monitoring and 
analysis of relevant data to 
inform city planning and 

strategies. 

X  

(ARUP, 
2014; 

UNDR
R, 

2017) 

Develop cohesive social 
structures to provide support at 
individual, household and local 

community level. 

X  
(ARUP, 
2014) 

L
an

ds
ca

pe
 a

nd
 u

rb
an

 p
la

nn
in

g 

Urban 
development 

Update building regulations and 
standards regularly to consider 

new or changing risk-related data 
and evidence. 

X  
(UNDR

R, 
2017) 

Incorporate sustainable design 
principles and risk-aware 

planning approaches to design 
and implement new buildings, 

neighbourhoods, and 
infrastructures. 

X  
(UNDR

R, 
2017) 

Integrate green and blue 
infrastructures into city policy to 
maximise the use of urban design 

solutions. 

 X 

(Cardos
o et al., 
2020; 

UNDR
R, 

2017) 

Develop guidelines to integrate 
resilience concepts in urban 

planning by various practitioners. 
X  

(UNDR
R, 

2017) 

Environmental 

Promote awareness and provide 
information in the role that 

ecosystems and their associated 
ecosystem services may play in 

the city´s disaster resilience. 

 X 

(Cardos
o et al., 
2020; 

UNDR
R, 

2017) 

Identify critical ecosystem assets 
outside the city boundary that 

helps to enhance city resilience.                                                                                                          

 X 
(UNDR

R, 
2017) 

Adopt climate change prevention 
actions such as Nature Based 

Solutions (NBS). 
 X 

(Cardos
o et al., 
2020; 

UNDR
R, 

2017) 

Promote and establish 
transboundary agreements and 
collaborations to support the 

protection and management of 
transboundary ecosystems. 

 X 
(UNDR

R, 
2017) 
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5. DISCUSSION  

In recent years, the concept of resilience has acquired great relevance within the political spheres. Consequently, 
a large number of studies, tools and theoretical frameworks have been developed to promote the resilient 
transformation of cities. However, only a small portion of these resources have been holistically integrated. In this 
study, we want to highlight the need to shift towards building upon the existing knowledge approach; instead of 
continuously building new resources, we update, improve and build on those existing tools and approaches that 
have proven to facilitate the resilience-building process. In this way, instead of generating new knowledge used 
by a small number of users, we generate standardised knowledge and resources oriented to end-users and policy-
makers. Considering this, we have reviewed, updated and improved the maturity model developed within the 
Horizon 2020 project Smart Mature Resilience. For this, we have carried out a bibliometric analysis combined 
with a semi-structured literature review to identify potential gaps, or in other words, opportunities for improving 
the model. We used co-occurrence networks and thematic maps to visualise and identify relevant aspects of the 
resilience field that were not previously considered in the first version of the (SMR MM). The analysis results 
stressed the importance of the environmental dimension in the resilience field. They also showed the strong 
influence of urban planning and urban development themes and the tight relationship between these concepts with 
climate change. The results mean climate change is relevant in urban planning and development. Therefore, we 
included the 'landscape and urban planning' dimension within the SMR MM. composed of two sub-dimensions, 
urban planning and environmental. The intention was to represent in the same dimension all policies aiming to 
improve environmental resilience, resilience towards climate change impacts, and policies that promote 
sustainable and resilient urban development. The exhaustive reviewing process carried out in this study allowed 
us to identify 27 policies that were not previously considered within the SRM MM. We believe the update of the 
model with these new policies improves the operationalisation and functionality of the SMR MM. The use of 
bibliometric indicators combined with a semi-structured literature review has provided a series of advantages for 
updating and improving the SMR MM. Firstly, bibliometric analysis is an easy-to-use method that is objective, 
verifiable and easy to reproduce; additionally, visualisation tools provided by the Bibliometrix package facilitated 
the analysis of large volumes of data. Secondly, identifying gaps and relevant aspects in the field of resilience 
facilitated identifying suitable policies for the complete operationalisation of the SMR MM. Bibliometric analysis 
offers opportunities beyond the field of resilience. It is an easy and quick tool that allows obtaining reliable 
indicators related to quality and research impact. 

Despite the advantages mentioned above, the methods used have also presented limitations that should be 
considered when interpreting the results. For example, the bibliometric analysis is limited to scientific 
publications, excluding other sources of information such as government reports, websites or platforms on 
resilience that are not indexed in the Scopus database. Nevertheless, many resilience-building measures are 
described in these types of information resources. Additionally, the quality of the co-word analysis carried out in 
this study depends on various factors, such as the quality of keywords and index terms, the scope of the Scopus 
database, and the simplification process carried out to represent findings. The keywords we used to select the 
articles from the Scopus database may have biased the results of the co-word analysis. For example, the great 
influence of the term 'conceptual framework' or 'urban planning' on the network could be because some of the 
keywords used to collect and screen peer-reviewed journal articles were urban and framework (see section 3.1.1). 
This effect could have also affected the results of the thematic map where one of the clusters located in the lower-
right area contains the themes urban planning, urban area and conceptual framework.  

To overcome these limitations and complete the review and update of the model, we suggest an expert group 
validation through a Delphi process. This approach would also allow defining the maturity stage of each of the 
identified policies. To complete the operationalisation of the model it is necessary to test the models’s 
effectiveness with end-users. We believe that the interaction between scientific knowledge providers and 
resilience-building tools users is crucial. Identifying effective ways to co-design and co-generate resilience-
building tools with end-users (i.e. policy-makers, authorities, civil society) is needed to support the resilient 
transformation of socio-environmental systems.  

6. CONCLUSIONS 

Reviewing and updating existing tools and resources may be a practical approach to support the resilient 
transformation of cities. Holistically integrating different resources and improving the already developed tools 
with new knowledge may be more efficient and constructive than continuously generating resources that are not 
being fully used. In this article, we wanted to emphasise the importance of adopting this approach by updating 
and improving the maturity model developed within the Horizon 2020 project Smart Mature Resilience. Low 
demanding methods such as bibliometric analysis can be easily used to identify gaps in knowledge and 
opportunities for improvement. Understanding the structure of the resilience research work and reviewing the 
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discipline's scientific evolution allowed us to identify the themes most frequently used in urban resilience research. 
When analysing the results, we observe that urban planning, sustainable development, climate change, or risk 
assessment strongly influences the resilience discipline. Despite not having carried out a validation process with 
an expert group, we have emphasised the need to include end-users in generating new knowledge, tools and 
resources. This way, end-users complete use of resilience-building tools and resources will be achieved. 
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ANNEX A 

 

Table A.1. Updated version of the SMR MM. Highlighted in green the added policies, in white the policies validated by experts from the first version of the SMR 
MM.  

Subdimen-
sions STARTING MODERATE ADVANCED ROBUST VERTEBRATE 

M
un

ic
ip

al
ity

, c
ro

ss
-s

ec
to

ri
al

 a
nd

 m
ul

ti-
go

ve
rn

an
ce

 
co

lla
bo

ra
tio

n 
(L

1)
 

(L1S1) Establish a working team 
responsible for resilience issues in 
the city.   

(L1M1) Establish a single point of 
coordination in the city (i.e. resilience 
department or committee) that 
facilitates cross-departmental 
coordination board and procedures.  

(L1A1) Implement the multi-
level governance approach to 
establish an organisational 
structure with strong leadership 
and clarity of coordination 
between municipal, regional and 
national levels of governance.  

(L1R1) Align, integrate and 
connect the city resilience plan 
with regional, national and 
international resilience 
management guidelines. 

(L1T1) Support 
the development 
of other city 
resilience plans 
aligned, 
integrated and 
connected with 
regional, 
national and 
international 
resilience 
management 
guidelines 

(L1S2) Integrate resilience into 
visions, policies and strategies for 
city development plans.   

(L1M2) Align, integrate and connect 
the resilience action plan with regional 
plans. 

(L1A2) Align, integrate and 
connect the resilience action plan 
with national plans.  

    

                                                                                                                                        (L1M3) Promote equality of access to 
services and basic infrastructure to 
vulnerable sector of society. 

                                                                           
  

Le
gi

sla
tio

n 
de

ve
lo

pm
en

t a
nd

 
re

fin
em

en
t (

L2
)  

 
(L2M1) Integrate resilience approach 
into existing risk reduction and 
prevention policies by establishing 
new strategies, acts, laws and codes.                                                     

(L2A1) Conduct certification 
processes to achieve the 
conformity with national 
standards. 

(L2R1) Conduct certification 
processes to achieve the 
conformity with international 
standards. 

(L2T1) 
Contribute in the 
development of 
standards on 
resilience 
guidelines and 
policies 
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Le
ar

ni
ng

 c
ul

tu
re

 (l
ea

rn
in

g 
an

d 
di

ss
em

in
at

io
n)

 (L
3)

 
(L3S1) Develop a strategy to 
create a resilience culture  

(L3M1) Promote a culture of 
resilience among citizens, institutions 
and organisations by investing and 
promoting social and institutional 
cohesion.  

(L3A1) Formalize the learning 
process and institutionalize 
regular debriefing meetings.  

(L3R1) Create a ´Learning City 
‘by establishing active 
networks with peer cities, 
industry groups, national 
resilience, and emergency 
management forums to 
exchange lessons learned and 
knowledge  

(L3T1) Develop 
formal 
procedures to 
assess the 
effectiveness of 
the learning 
process 

  (L3M2) Establish a systemic approach 
to review existing strategies, practices, 
and actions to deal with shocks and 
stresses in different sectors and cities 
to capture lessons from past events 
and feed these lessons into the design 
and delivery of rebuilding projects. 

      

R
es

ili
en

ce
 a

ct
io

n 
pl

an
 d

ev
el

op
m

en
t (

L4
) 

(L4S1) Identify the requirements 
needed to boost the process of 
integrating the resilience approach 
into development policies.  

(L4M1) Develop a resilience action 
plan to respond to shocks and long-
term stresses by taking as a starting 
point those city elements and 
resources already available. 

(L4A1) Develop leading 
indicators for assessing the 
performance of the resilience 
action plan. 

(L4R1) Perform periodic 
monitoring and assessment of 
the resilience action plan 
effectiveness to continuously 
update and improve the plan 
with new data and planning 
strategies. 

(L4T1) Share the 
CITY's expertise 
in resilience 
action plan 
development 
with other cities 
about to start the 
process 

(L4S2) Develop disaster 
management, response and 
recovery plan. 

(L4M2) Adopt a bottom-up approach 
that facilitates transparent and 
inclusive participatory and multi-
stakeholder consultation processes to 
develop resilience planning, policies 
and strategies. 

(L4A2) Properly integrate the 
resilience strategy with other key 
city functions (planning, 
sustainability, emergency 
managt, infrastructure mngt). 

    

 
(L4M3) Integrate climate change 
perspective in developing the 
resilience action plan by incorporating 
climate risk information at every 
phase of policy planning. 
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D
ia

gn
os

is 
an

d 
A

ss
es

sm
en

t 
(P

1)
 

(P1S1) Identify and assess a full 
range of risks 

(P1M1) Analyse the 
interdependencies when assessing and 
managing risk. 

(P1A1) Assess scenarios of 
shocks and their cascading 
effects 

(P1R1) Undertake regular and 
long-term risk assessment 
using risk systemic tools. 

(P1T1) Assess 
the value added 
by CITY 
contributions to 
the resilience of 
other CITIES 

(P1S2) List existing plans and 
response mechanisms guidelines 
for shocks and stresses  

(P1M2) Develop and install effective 
systems to detect and monitor 
potential hazards and assess risk 

(P1A2) Develop effective 
associated communication 
systems to alert about potential 
risks. 

  

Ed
uc

at
io

n 
an

d 
Tr

ai
ni

ng
/C

ap
ac

ity
 b

ui
ld

in
g 

(P
2)

 

(P2S1) Conduct training and 
arrange emergency drills with the 
emergency teams and Critical 
Infrastructures providers  

(P2M1) Conduct training and arrange 
emergency drills including volunteers 

(P2A1) Provide training for 
citizens and public and private 
companies  

(P2R1) Establish a strong 
network of volunteers 

(P2T1) Develop 
training plans in 
cooperation with 
other CITIES. 

(P2S2) Inform citizens to 
volunteering opportunities in the 
local community 

(P2M2) Develop awareness 
campaigns to the most vulnerable and 
at need populations in the city  

(P2A2) Conduct emergency drills 
at national level 

(P2R2) Ensure interoperability 
of emergency response systems 
in adjacent cities or countries 
by conducting frequent joint 
training exercises between 
European cities  

(P2T2) Develop 
training 
activities for 
other CITIES   

(P2S3) Develop a common 
understanding of the resilience 
approach among stakeholders 

  (P2A3) Education programmes 
and campaigns for the general 
public (children, adults, private 
sectors, NGOs, volunteers...) 

  (P2T3) Support 
self-organisation 
of the involved 
agents to 
improve the 
Resilience of the 
CITY. 

    (P2A4) Assess and refine the 
training programs  
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 (I

1)
 (I1S1) List and prioritize critical 

services and assets   
(I1M1) Identify interdependencies of 
critical services at local level to 
avoid/reduce/limit cascading effects. 

(I1A1) Develop flexibility and 
adaptive measures in CIs to 
manage unexpected events.  

(I1R1) Identify 
interdependencies of critical 
services at international level 

(I1T1) 
Encourage the 
continuous 
improvement of 
policies, to take 
advantage of any 
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shock and stress 
to bounce 
forward and 
improve or re-
design. 

(I1S2) Establish a critical 
infrastructure overview plan or 
strategy to protect the city´s 
critical infrastructures, utilities 
and services. 

(I1M2) Conduct robust monitoring 
and preventive maintenance and 
renewal of critical infrastructures, 
with effective contingency planning. 

(I1A2) Establish comprehensive, 
resourceful and flexible business 
continuity planning across public 
and private sectors. 

                                                                                
(I1T2) Apply AI 
methods to 
analyse the 
information 
obtained. 

(I1S3) Develop 
cooperation/collaboration 
agreements with critical providers 
to monitor their functionality  

(I1M3) Develop measures to increase 
critical infrastructure redundancy and 
reliability by ensuring that best 
practices and updated risk information 
is used for asset design and 
management. 

(I1A3) Define regulations, codes 
and standards appropriate to local 
context and risk profiles to 
guarantee business continuity and 
protective plans.  

    

(I1S4) Develop contingency plans 
for critical infrastructures 

(I1M4) Implement monitoring 
systems for identifying risk shocks 
and long-term stresses on CIs    

      

  (I1M5) Carry out audits for critical 
infrastructure providers   

      

 
(I1M6) Design and implement 
measures and strategies focused on 
preparing the business for adverse 
events 
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(I
2)

 (I2S1) Assess current initiatives 
and funding opportunities for the 
development of resilience.  

(I2M1) Allow for the resilience action 
plan in the local government budget 

(I2A1) Promote and provide 
incentives for initiatives that 
contribute to build resilience and 
develop sustainable urban 
infrastructures. 

(I2R1) Promote and provide 
incentives to stakeholders for 
investment in R&D&I projects 
regarding resilience.    

(I2T1) Assess 
the impact of 
innovation in the 
resilience 
building process. 
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 (I2S2) Assess the currently 
available response physical 
resources                                           

(I2M2) Promote resources /tool 
sharing among CI providers within a 
region during crises. 

(I2A2) Implement centralised 
control of coordination of critical 
resources and activities during 
shocks and stresses.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

 (I2R2) Monitor an effective 
use of resources to ensure the 
resilience building process 
performance                                                                                                                                                                                                                                                                                                                                                                                                                     

(I2T2) Monitor 
the insurance 
level of 
stakeholders 

    (I2A3) Encourage the uptake of 
appropriate insurance products 
across all sectors and services. 

    

    (I2A4) Establish inclusive and 
resourceful finance mechanisms 
to enable businesses to adapt to 
changing circumstances and put 
in place contingencies for shock 
events     

    

    (I2A5) Integrate insurance 
companies and private sectors in 
the funding mechanisms of 
emergencies and post-disaster 
recovery actions 
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es

s 
(C
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  (C1M1) Develop a stakeholder 
engagement plan defining its roles and 
responsibilities  

(C1A1) Align the objectives of 
different stakeholders and 
develop a common understanding 
of resilience 

(C1R1) Widen collaborative 
networks with stakeholders to 
reflect on and make decisions 
about the progress of the city 
resilience.  

(C1T1) Support 
self-organization 
of the 
cooperation 
among all the 
stakeholders 
involved in the 
resilience 
development 

  (C1M2) Develop an internal 
communication platform for sharing 
information with different municipal 
departments and emergency services     

(C1A2) Develop formal 
partnerships between academic 
and scientific entities to improve 
the resilience building process 

(C1R2) Arrange multi-
stakeholder debriefing 
meetings  

(C1T2) Involve 
all stakeholders 
in the learning 
process 
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(I2S3) Deploy a disaster relief 
fund for emergencies and post-
disaster recovery 

(C1M3) Identify vulnerable groups of 
people and promote the engagement 
of those groups in the development of 
risk mitigation strategies  

(C1A3) Undertake transparent 
and inclusive public consultation 
processes to improve and 
develop the resilience action plan         

(C1R3) Develop a public 
platform to enhance learning 
among city stakeholders. 

  

  (CIM4) Implement an inclusive and 
transparent mechanism to engage and 
communicate with governmental 
groups and citizens, aiming to 
improve cooperation between them  

(C1A4) Develop a public 
communication platform to 
interact with stakeholders     

    

  (CIM5) Integrate community 
organisations in pre-event planning 
and post-event response for each 
neighbourhood in the city by 
establishing networks and training  

 (C1A5) conduct regular 
monitoring and analysis of 
relevant data to inform city 
planning and strategies  

    

    (C1A6) Develop cohesive social 
structures to provide support at 
individual, household and local 
community level. 
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(C

2)
 

  (C2M1) Establish alliances with cities 
facing similar risks  

(C2A1) Join a major Network of 
EU cities 

 (C2R1) Participate proactively 
in regional, national and 
international networks to 
promote initiatives, exchange 
experiences and learn (e.g. city 
to city learning programmes, 
climate change, resilience 
initiatives etc.)                    

(C2T1) Active 
involvement of 
local authority 
and stakeholders 
in networks 
(local, national, 
European & 
Global).  

  
 

(C2A2) Develop formal 
partnerships with regional 
stakeholders 

  (C2T2) 
Encourage 
stakeholders to 
present their 
experience 
concerning the 
resilience 
building process 
as reference for 
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other CITIES 
U

rb
an
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m
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t (
U

1)
 

(U1S1) Ensure the provision of 
climate information (so-called 
climate services) to assist 
decision-making.  

(U1M1) Assess potential NBS that 
could potentially increase urban 
resilience (i.e. reducing climate 
change adverse events) and conduct 
an exhaustive evaluation of the 
potential co-benefit and disservices of 
these NBS                                                                                                                                                                                                                                                              

(U1A1) Integrate green and blue 
infrastructures into city policy to 
maximise the use of urban design 
solutions. 

    

  (U1M2) Update building regulations 
and standards regularly to consider 
new or changing risk-related data and 
evidence. 

(U1A2) Develop guidelines to 
integrate resilience concepts in 
urban planning by various 
practitioners. 

  (U1M3) Incorporate sustainable 
design principles and risk-aware 
planning approaches to design and 
implement new buildings, 
neighbourhoods, and infrastructures.                                                                        

  

En
vi

ro
nm

en
ta

l (
U

2)
 

(U2S1) Develop an ecosystem 
services assessment to quantify 
the ecosystems capacity to deliver 
ecosystem services over time.                                                            

(U2M1) Promote awareness and 
provide information in the role that 
ecosystems and their associated 
ecosystem services may play in the 
city´s disaster resilience.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

(U2A1) Identify critical 
ecosystem assets outside the city 
boundary that helps to enhance 
city resilience.                                                                                                                    

(U2R1) Promote and establish 
transboundary agreements and 
collaborations to support the 
protection and management of 
transboundary ecosystems.  

  

(U2S2) Assess the potential 
impacts of climate change on 
ecosystems and biodiversity in 
order to identify vulnerable 
ecosystem and therefore, 
vulnerable ecosystem services.     

(U2M2) Promote awareness and 
understanding of climate change and 
its potential impacts on ecosystem 
services and society.    

(U2A2) Adopt climate change 
prevention actions such as NBS. 
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  (U2M3) Identify ecological ´hotspots´ 
(areas with outstanding biodiversity or 
a high concentration of biological 
values).               

(U2A3) Protect and restore 
important ecosystems located in 
the urban and peri-urban area that 
directly provide important 
ecosystem services to the city.           
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ABSTRACT 

Situation pictures are helpful to make sense of what is happening and to prevent further escalation. These situation 
pictures are typically text- or map-based and focus on the current effects of the crisis. For long-lasting 
transboundary crises that impact many critical infrastructures and different parts of society directly and indirectly, 
such situation pictures have limitations. Crisis management teams might benefit from continuous monitoring of 
societal performance indicators, so the current situation can easily be compared with historical and future data to 
reveal trends and escalations. This research project explored how a successful approach for systematic monitoring 
of indicators in crime prevention could be transferred to crisis management. Several pilot studies revealed nine 
challenging pitfalls and six promising possibilities. The findings of this study can inform future research on how 
continuous systematic situation monitoring can strengthen societal resilience. 

Keywords 

Situation awareness, indicators, monitoring, Business Intelligence, Business Continuity Management. 

SITUATION MONITORING FOR CRISIS MANAGEMENT FROM A BUSINESS INTELLIGENCE PERSPECTIVE 

In the ongoing Covid-19 pandemic, the general public and crisis management teams have got used to seeing data 
about the number of infected people, hospitalised people or vaccinated people, per area and time period, in 
diagrams and heatmaps on so called dashboards. Whereas these diagrams most often focused on health related 
figures, the Covid-19 pandemic has also had  an impact on many other parts of society, i.e. the amount of traveling, 
absence from work, participation in cultural events, shopping behaviour and so on. When second and third order 
effects of a crisis on all parts of society could be monitored continuously, a richer situation picture of the ongoing 
crisis would arise. Cross disciplinary crisis management teams, who coordinate the societal crisis response, could 
benefit from such overviews in different ways. First, the teams could experience how different indicators are 
increasing or decreasing over time (i.e. whether the impacts of the crisis are escalating or have been mitigated). 
Secondly, the team could become aware of unexpected second- and third-order effects of the escalation. 

Business Intelligence (BI) has been applied by organizations for decades. It is often defined as an umbrella concept 
that includes a set of technologies and software that enables users to access and analyze data in order to make 
better decisions (Wixom and Watson, 2010). In a similar way, Foley and Guillemette (2010) define BI as “a 
combination or processed, policies, culture, and technologies for gathering, manipulating, storing, and analysing 
data collected from internal and external sources, in order to communicate information, create knowledge, and 
inform decision making.” Typically, BI gathers relevant data from operational systems internally as wel as from 
external sources, and stores this data in a datawarehouse where it can be accessed by analists or decision makers 
by means of queries. According to Olszak and Ziemba (2012), realising BI in organisations is challenging from 
multiple perspectives. Amongst many other issues, it is critical to realise data access and guarantee data quality, 
it is required that employees get sufficient education so that they use the BI tools in the correct way, and finally 
much effort should be put in creating awareness for the benefits of BI for the organisation. The latter involves 
amongst others to select the most relevant indicators, rather than many indicators that are of minor interest 
(Rockart, 1979). There are not so many studies that have discussed how BI could be applied in a crisis management 
context, see Panrungsri and Sangiamkul (2017) for an exception. 

As BI involves continuous data collection, processing and visualisation of data for decision making over long 
periods of time, and crises are often rather ad-hoc in nature, it is not self evident to apply BI in this context. It is 
envisioned that continuous monitoring of the status of for instance critical infrastructures and other important 
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societal services, could inform crisis management teams when a crisis is occurring. When the crisis hits, it would 
instantly become visible what the impact of the crisis is on different critical infrastructures and different parts of 
society. These indicators are nowadays partly available in many different source systems and web applications, 
but it requires enormous manual efforts to collect and compile data for the crisis management team. A BI approach 
would instead result in automated collection of the most relevant data sources and present easy to consult data in 
a dashboard on a web portal. To apply BI methods in a fruitful way, BI could be integrated with insights from 
situation awareness theory (Endsley, 1995; Wolbers and Boersma, 2013) and Business Continuity Management 
(Herbane, 2010; Hassel and Cedergren, 2019), which are research areas that have been applied in a crisis context 
more frequently.  

This study has explored what pitfalls and possibilities could arise in the development of continous systematic 
situation monitoring for crisis management. 

SITUATION AWARENESS AND BUSINESS CONTINUITY MANAGEMENT 

Endsley (1995) describes how the creation of situation awareness involves data collection from many sources to 
create a data driven overview of the current situation (i.e. what is commonly understood as a situation picture or 
common operational picture in crisis management), and how that next needs to evolve in interpretation of the 
current situation (what does the observed data mean to us?) as well as prediction of future states (how do we 
envision that the situation may develop or escalate?). From a socio-technical research perspective, the use of 
sitution pictures involves a lot of acts of interpretation (Wolbers and Boersma, 2013), and the same holds for the 
data collection phase. Endsley (1995) shows how our values, beliefs and assumptions not only influence 
interpretation, but also affect what data we collect in the first place. In this way, the situation awareness model 
does highlight that data collection from a BI perspective should not only be seen as data management and a 
“technological tools problem” (as is acknowledged in many BI methods). At the same time, BI could clarify how 
the data collection phase of the situation awareness model could be organised more systematically and effectively 
by guiding what data to collect and automating the collection process.  

Whereas BI adresses the continuous gathering and monitoring of key performance indicators from an everyday 
business perspective, Busines Continuity Management (BCM) has in more detail studied indicators related to 
risks, threats and minimal service levels for critical systems and infrastructures (Herbane, 2010; Hassel and 
Cedergren, 2019). Although BCM primarely does these kind of analyses from a prevention perspective (i.e. 
analysing what the most critical risks are, and identifying actions to prevent escalation before the crisis hits), these 
indicators, and the challenges involved in representing them in an appropriate way, could be very informative 
when identifying indicators for a crisis management dashboard from a BI perspective. Whereas a BCM analysis 
judges the potential impacts of simulated crisis scenarios, BI would monitor the actual state of the same indicators 
before, during and after a crisis event to visualsise the actual impact. Hassel and Cedergren (2019) discuss multiple 
challenges in choosing appropriate indicators, as for example the definition of threshold values (what performance 
is acceptable and not acceptable), the pros and cons of measuring something in absolute numbers, and the 
influence of the chosen time interval for the shown measurements (i.e. per hour, per day, per week and so on). 

SITUATION MONITORING FOR CRIME PREVENTION: A SUCCESSFUL EXAMPLE 

In this research project, a case from crime prevention served as a best practice example. The crime prevention 
process previously had a resembling resource demanding and time consuming manual process of data collection. 
Researchers and practitioners have succeeded in gradually transforming an ad hoc manual data collection and 
analysis process into a fully digitalised work process where data vislualisation includes heat maps and graphs 
showing trends over time. Whereas now, respondents from many different organisations on a weekly basis report 
incidents via a phone app by clicking their exact location on a city map, and next describe what happened including 
a time stamp, the same process was earlier done by listing incidents with much more rough indications of time 
and place in text (most often an e-mail). Consequently, the resulting overviews were previously “one pdf file for 
each week and a lot of text that was hard to compare over time”, and is nowadays portrayed in a web portal where 
reported and collected incident data can be analysed from many perspectives by for example selecting area, period 
and type of incidents (see images at https://www.embrace-safety.se/ in order to get an impression). 

The main success factor of this way of working is not the technological tools or the attractive visualisations. 
Rather, users of the approach emphasise the cyclical systematic work process as the key cornerstone, i.e. 
consistently collecting data on what happens in your own city/area so you become more knowledgable. Preventive 
actions are based on analysis of facts, rather than on opinions and assumptions on what the most exposed areas 
are. Furthermore, much effort has been put in making data collection “easy” (some quick clicks in a phone app). 
The most important feature is however “systematic”, i.e. every week reporting incidents in fixed categories (which 
enable comparision) as well as reporting them in a very detailed way with respect to time stamp and location. 

461



van Laere and Gudfinnssson Continuous systematic situation monitoring 
 

CoRe Paper – Data and resilience: opportunities and challenges 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

RESEARCH DESIGN 

The aim of the research project was to explore how the best practice example of continuous systematic situation 
monitoring could be transferred from the context of crime prevention to the context of crisis management. The 
project team consisted of entrepreneurs (two IT companies), end users (municipalities, police, rescue services) 
and two researchers. One of the researchers has been studying crisis management for over 15 years (first author), 
the other researcher has a been studying implementation of Business Intelligence for about 6 years (second author). 

In Sweden, the municipality has a so-called geographical area responsibility at the local level, which aims at 
stimulating collaboration between all actors involved in a crisis, while not overruling or taking away the existing 
sector responsibilities of all involved organizations (Wimelius and Engberg, 2015). A similar integrating role with 
geographical area responsibility exists at the regional level (the county) and at the national level (the Swedish 
government). The geographical area responsibility involves coordination before crises (risk analysis, training) and 
during crises (alarming relevant actors, coordinating their response efforts, communication with the public) while 
the partners involved may differ from crisis to crisis. Consequently, situation monitoring from an all hazards 
perspective, and together with other relevant societal actors analysing impacts and their potential escalation, is a 
vital part of the geographical area responsibility. Respondents in this study are municipality officials and 
representatives from other government agencies and companies that actively participate in cross sectorial crisis 
management in Swedish society. 

The research approach follows an interpretative philosophy and inductive research strategy as the aim is theory 
building rather than theory testing (Eisenhardt & Graebner, 2007). An inductive research strategy is appropriate 
as there are no clear theories on how to establish continuous situation monitoring for crisis management. To 
develop hypotheses on what such a theory could include and address, a qualitative research method was followed. 
Qualitative research is particularly suited for how and why questions, in this case: How can continuous situation 
monitoring be applied in a crisis management context? Why can certain elements of strengths of the crime 
prevention best practice not easily be transferred to the crisis management context? To obtain the research aim a 
number of small studies were conducted in order to illuminate different perspectives of the research problem. 
These small studies were planned in a rather agile way. Each time a currently interesting subquestion was 
identified, and a small study was designed to collect relevant research data on that matter (see table 1). Research 
data was continuously analysed for each study individually, and for the overall research project as a whole. 

 

Table 1. Series of substudies in the research project 

Research question Data collection methods 
Why is the crime prevention case a successful best practice? document study, interviews 
How are situation pictures nowadays created in ad-hoc crisis 
management at the local level? 

document study, interviews 

How are crisis situation pictures created for regular monthly 
orientation meetings at the regional and national level? 

document study, interviews 

How can continuous systematic situation monitoring be 
implemented in a crisis management context? 

interviews,  project team meetings 

How can a prototype for electricity indicators look like? document study, interviews,  
project team meetings  

How can a prototype for food distribution indicators look 
like? 

document study, interviews,  
project team meetings 

How can a prototype for social health indicators look like? document study, interviews,  
project team meetings  

How can a prototype for staff absence indicators look like? document study, interviews,  
project team meetings  

Why is it so challenging to transfer the crime prevention best 
practice to the context of crisis management? 

interviews,  
project team meetings 

 

The first three studies aimed at understanding the current situation (i.e. the strengths of the crime prevention case, 
as well as the current way of creating situation pictures for crisis management). From these first three studies, 
ideas arose how the method could be applied in the crisis management context and these ideas were tested and 
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discussed both in the project team and in interviews with end users not part of the project team. Next, four small 
prototype studies were conducted to see what kind of indicators could be identified. The areas of interest for these 
studies were chosen in consultation with end users. During the four prototype studies it became more and more 
obvious that transferring the crime prevention best practice to the context of crisis management was far from self-
evident. As a result, the final study was initiated. The final study identified typical challenging pitfalls but also 
promising possibilities which are presented in the results section of this paper. Although this paper primarily 
focuses on answering the final research question, data collected throughout the previous eight substudies has 
contributed to the cumulative understanding of the phenomenon of interest. Data analysis involved identification 
of themes in the document study summaries, the interview transcripts and the project meeting notes. Themes were 
roughly categorised as hampering (pitfall) or enabling (possibility) which resulted in the list of themes presented 
in table 2 in the results section. 

The studies were performed under 2020 and 2021 in Sweden, i.e. under the same period when many of the 
respondents and societal collaboration partners have been handling the Covid-19 pandemic. It needs to be 
emphasised that the research question already had been identified before Covid-19 struck, but that the execution 
of the project and obtained results clearly have been influenced by how the respondents and collaboration partners 
were experiencing crisis management of the Covid-19 pandemic. 

PITFALS AND POSSIBILITIES OF CONTINUOUS SITUATION MONITORING FOR CRISIS MANAGEMENT 

Data analysis revealed nine pitfalls hampering continuous situation monitoring for crisis management and six 
possibilities that would enable applying the successful best practice of the crime prevention case in the context of 
crisis management. The pitfalls and possibilities are discussed below. 

 

Table 2. Pitfalls and Possibilities of Continuous Situation Monitoring 

Pitfalls 
Data Gathering is Time Consuming and Ineffective 
A Few Respondents Determine the Situation Picture Content 
Situation Pictures show the Current Situation and lack a Historical and Future perspective 
Data Formats do not Allow Comparison of Indicators over Time 
Decision Makers cannot Easily Identify Performance Indicators 
Different Indicators are Key Performance Indicators depending on What is at Stake 
Informative Levels of Detail may Threaten Privacy and Integrity 
Available Data is not always Actionable Data 
Respondents and Decision Makers lack Incentives to Monitor Continuously 
Possibilities 
Open Data is Available at Many Different Public Agencies 
The Covid-19 Pandemic is a Strong Illustrative Case for the Value of Monitoring Indicators 
Continuous Monitoring of Indicators can Complement Text Based Situation Pictures 
Continuous Monitoring of Indicators can Reveal Neglected Second Order Escalations 
A Dashboard with Potential Indicators can be Developed Incrementally 
Start with Automating Data Gathering rather than Indicator Interpretation and Interaction 

 

Pitfall: Data Gathering is Time Consuming and Ineffective 

Currently, when local municipalities are preparing situation pictures during the Covid-19 pandemic, or when 
regional and national authorities are preparing situation pictures for regular general (all hazards) collaboration 
meetings, data collection involves many ad-hoc manual routines and is poorly routinized or automated. Questions 
are sent out to internal departments or external partners by mail or via dedicated communication systems (i.e. 
systems only used for crisis management). Independent of what software is used, a recurrent observation is that 
questions and answers are copy pasted from one system to another several times by different people and that 
information collected needs to be manually processed or summarised several times before it has been travelled all 
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the way from information source to the crisis management team that needs the compiled overviews. Also, those 
people that need to provide the source information, are often the ones that are most pressed by the ongoing crisis. 
Sometimes, they are not creating “new” information, but copying information that is already digitally available in 
their own internal systems into word processing or spreadsheets that are sent out by crisis management teams at 
the local, regional or national authorties. Consequently, the crisis management teams get reluctant in requesting 
more information “we would like to know more from them, but we do not want to put them under more pressure, 
so we only send out the questions of the national agencies and refrain from adding our own questions”. At the 
same time, security officers are heavily occupied themselves with operational information processing duties, 
leaving less time left for more strategic coaching of their organisations “it takes me a lot of time twice a week to 
collect, copy-paste and summarize all responses from the different departments and compiling it into the situation 
picture for the crisis management team meeting”.  

From a situation awareness theory perspective it is desirable to put as less effort as possible into data collection, 
and to put most energy in the important process of interpreting the information at hand. Business Intelligence 
methods include clear directions how such processes can be automated to a much larger extent, which would make 
situation monitoring in crisis management more effective. 

Pitfall: A Few Respondents Determine the Situation Picture Content 

A respondent argues: “So, we send out the questionairre to an organisation with over 5000 employees, but we do 
not really know whether the contact person is answering all the questions, whether the contact person fills in the 
answer together with their crisis management team or leadership group, or whether the contact person sends out 
the questions to different experts in each and every department of their large organisation. So we do not know if 
the opinions returned are the answer of one representative, or from many knowledgeable experts”. The severity 
of this pitfall is a litte dependent of the type of information that is collected. When the organsiation reports hard 
facts, it is less important who copies those given facts from the source system into the questionairre. However, 
when the questions require free text answers, or when the questions involve an evaluation on a 5-point scale (i.e 
how does the crisis impact schools in your municipality?: “no impact”, “moderate impact”, “significant impact”, 
“serious impact” or “critical impact”), it is more important to know whether this is the impression or opinion of 
the contact person, the top management, or different topical experts spread out in the organization. A benefit with 
one person/group answering would be that the answers “critical impact on schools” and “moderate impact on 
culture and leisure” are weighed against each other by the same evaluator. When different experts from different 
divisions determine the impact on each of their respective units seperately, this could give a more valid answer 
for each of them, but at the same time various people might interpret the scale (what is moderate, what is serious) 
rather differently. In the end, the collected figures showing “what parts of society are suffering most” might have 
rather dramatic consequences for resource allocation or other crisis mitigation matters. 

Both situation awareness theory and Business Intelligence methods address data quality, validity and reliability 
as an important point of attention. In situation awareness, fusion or triangulation of data sources (i.e. combining 
different information sources about the same phenomenon) is one remedy, and carefullness in interpreting the 
meaning of data (i.e. in going from situation picture to situation awareness) is another. Business Intelligence 
suggests clear data definitions (i.e. what is meant with questions, how should the answer options be understood) 
and highlights routines for data cleaning (i.e. correcting unlogical answers or outliers). As outliers or unexpected 
values could be correct in extreme crisis episodes, such routines need to be adjusted for the crisis context. 

Pitfall: Situation Pictures show the Current Situation and lack a Historical and Future Perspective 

In crisis management, situation pictures show the current situation. A crisis is most often an ad-hoc event and the 
need of the crisis management team is to understand and judge the severity of different consequences just now, 
rather than following the same figures or phenomena under a very long time period. Crisis managers do absolutely 
see the need of thinking ahead, the need to foresee undesirable escalations, and are aware that their current 
decisions may have an impact in a couple of days or weeks, and not immediately. Despite that, their situation 
pictures address the current state. The so called “estimations of future states” are either dealt with in other 
documents “we have a scenario group working with different escalation scenarios, so that is addressed in another 
document, not in the situation picture”; or in the meetings where the current situation picture is discussed “from 
the current situation picture we reason about how we expect things to become worse”. An interesting observed 
difference between crisis management and crime prevention is that crisis managers look ahead (how can we 
mitigate unwanted consequences?) and crime prevention officers look back (what caused this increase, what can 
we do to act upon the cause?). In Business Intelligence, the steering philosophy is by nature continuous and long-
term with strong interests in analysing the past and predicting the future. During the Covid-19 crisis, dashboards 
and graphs have popped up in crisis communication and crisis management incidently (i.e. focusing on number 
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of infected people, number of hospitalised people and number of deaths per region and period). These graphs, and 
the data collection to continuously update these graphs, are however not systematically organised for a recurring 
set of key performance indicators as in the crime prevention case, or as in Business Intelligence in general. 

Pitfall: Data Formats do not Allow Comparison of Indicators over Time 

Consequently, situation pictures are not designed from the need to compare several of them over time. So, a typical 
comment was “our situation pictures are a set of pdf files, one for each week or each meeting, if I would want to 
see the development over time I need to print out the pdf files and put the paper documents in a row on a table”. 
So, under the Covid-19 pandemic, a typical figure reported every week was “staff absence” for different 
departments. Although these figures are digitally available over time in the HR system, and could easily be 
presented in a spreadsheet or graph to allow comparision and trend analysis over time, the figures are reported in 
tables in a word processing or pdf file. Hence, crisis management teams and decision makers focus on the current 
value rather than trend analysis. Crisis management teams do not recognise the need and do not ask for a 
spreadsheet, graph or diagram format. As a consequence, data gathering is demanding in time and resources. As 
the perception is that information needs are unique from crisis to crisis, data gathering and data presentation has 
historically evolved as consisting of text descrriptions or events/resources plotted on maps, rather than graphs 
with indicators per region over time. 

Pitfall: Decision Makers cannot Easily Identify Performance Indicators 

When discussing the envisioned dashboards with indicators capturing the state of important services (i.e. the state 
of critical infrastructure per area over time) with end users, i.e. decision makers, crisis managers or security 
officers, a returning problem was that respondents not easily could list their five main key performance indicators 
(KPIs), as suggested in Rockart (1979). Initially, this surprised us. One would expect that every decision maker 
knows the critical KPIs by heart. When returning to these observations again and again, it became clear that the 
respondents were confused due to the crisis management framing. They tried to imagine the next crisis, or all 
kinds of crises, and come up with indicators for them. They were not focusing on “what needs to be protected”, 
but tried to imagine “what threats could arise and how they could be detected”. Business Continuity Management 
and Business Intelligence, with their focus on key performance of the everyday organisation and services that are 
critical to uphold on a certain minimal level, could be very helpful to instruct respondents to think in the right 
way. Generating a number of suitable indicators is not self-evident and needs careful instruction and faciliation. 

Pitfall: Different Indicators are Key Performance Indicators depending on What is at Stake 

Another hinder for identifying a limited set of key performance indicators was that the relevance of indicators 
differs from crisis to crisis. Many respondents, as well as the project team members, repeatedly returned to the 
observation that depending on the type of crisis at stake, some indicators would be of main interest, while others 
would be completely irrelevant. For the next type of crisis other indicators would be interesting, and the earlier 
important indicators would be of less importance. So for each type of crisis, this would imply completely different 
lists. That would as a consequence mean that an enormous amount of indicators need to be included, while only 
a few of them would be relevant from case to case. Partly, this would imply that a lot of data would be collected 
with minimal or no use. Also, this would require flexibility in which indicators are highlighted from crisis to crisis 
or period to period to prevent information overload issues. In contrast, the crime prevention best practice case is 
by definition including a limited set of given (i.e. nationally defined) indicators. As such, the whole idea of 
defining them, and the issue of switching between highlighting different indicators from time to time is less 
relevant in crime prevention. Whereas recent developments in Business Intelligence, so called Self Service 
Business Intelligence, accommodate for users to select personal views of data depending on their interests and 
needs, implementation of such practices is challenging (Lennerholt et al, 2022). 

Pitfall: Informative Levels of Detail may Threaten Privacy and Integrity 

After having identified some relevant indicators, a next challenge was to define on which granularity data needs 
to be collected. In Business Intelligence and Business Continuity Management, the perspective is often a single 
organisation who owns their data. In the case of continous situation monitoring for crisis management, where the 
problem is approached from a societal perspective and data needs to be shared between different organisations, 
all kind of privacy and integrity issues may arise. From a crisis management perspective, more detailed 
information, espcially att the lower levels, could be informative. But, when arriving at small numbers or small 
areas, data could reveal confidential information of either private companies or private citizens. Hence, different 
indicators might require different levels of granularity while at the same time it is for comparison reasons between 
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areas important that data is structured so it is available on similar levels. Trade-offs are required. These are not 
only governed by what is juridically allowed. Sometimes, organisations owning potentially sensitive data are 
reluctant to share it, even when juridical experts have said it would be completely fine to share the data. 

Pitfall: Available Data is not always Actionable Data 

In contrast to “having a hard time defining indicators”, respondents could also end up in the opposite trap: listing 
all kind of indicators that they are aware of, without critically asking the question “would showing that information 
to a crisis management team be relevant in any way”. This is a typical trap well-known in Business Intellgence. 
Organisations compile overviews of information that is ready at hand, rather than asking management what 
information is crucial: “Why do I have to have dozens of reports a month and yet very little of the real information 
I need to manage this company? There must be a way to get the information I need to run this company!” (Rockart, 
1979, page 81). Again, Business Continuity Management and Business Intelligence do provide established 
methods to address these issues. Nonetheless, in combination with the previous experience that respondents have 
a hard time to identify relevant indicators, facilitators and designers need to be aware of the tendency to pick ready 
at hand indicators, rather than the indicators which actually are relevant. 

Pitfall: Respondents and Decision Makers lack Incentives to Monitor Continuously 

A final issue of concern that arose in the data analysis is the need for a clear incentive. Most clearly expressed by 
one of the respondents: “but how would you motivate us to discuss all indicators regularly, like we do in the crime 
prevention process, when there is no actual ongoing crisis: that would be a waste of our time”. So, respondents 
do not really see the need of continuous monitoring, as they interpret crisis management as something that only 
is activated “after something has happened”. Similarly, a resource and time demanding data collection process is 
questioned. From the current perspective, where organisations put enormous resources in data collection, data 
processing and compiling situation pictures, these kind of investments are of course not deemed reasonable when 
there is no ongoing crisis. As stated by a respondent: “how are you going to motivate employees to fill in weekly 
questionnaires, when they week after week fill in “no impact” for each and every question”. 

In the crime prevention case, similar challenges appear. Here, the act of filling in “everything fine, nothing to 
report” is highly valued and rewarded. In the whole philosophy that a data driven approach, acting on facts rather 
than assumptions, is the ultimate aim, it is repeatedly communicated that reporting which areas are “crime free” 
is of utmost importance. Also, from a Business Intelligence perspective, a major purpose is to avoid that people 
repeatedly should copy digitally available data from one system to the other. Instead, it is desirable to solve this 
with automated protocols, i.e. that data autmatically is transferred from the source system to the dasboard. As 
mentioned earlier, this may be challenging when data moves across organisational borders. Hence, it is advisable 
to start with relevant data sources which are not sensitive and can be shared without being questioned.  

 

Apart from the above pitfalls, a number of promising possibilities have been identified. 

Possibility: Open Data is Available at Many Different Public Agencies 

The four pilot studies have shown that, in Sweden, a lot of interesing data is openly available at many agencies. 
The Swedish Civil Contingency Agency has listed what can be considered as critical infrastructures, for instance, 
electricity, data communication, food supply, water supply, transportation and so on. Currently, to create similar 
graphs as the Covid-19 diagrams that have been available the past two years, security officers would need to go 
to the public website of each and every sector agency, download a spreadsheet with values (every time the figures 
are updated), select the data that is relevant for their area, and create graphs to show them in their own environment 
(which currently would be a pdf file). Instead of that time consuming process which also results in a hard to handle 
end product, the data sources that are deemed relevant could be collected automatically and shown in a web portal. 
In future research (i.e. coming substudies) these kind of contributions to a web portal will be developed. 

Possibility: The Covid19 Pandemic is a Strong Illustrative Case for the Value of Monitoring Indicators 

As shown in the above discussion, decision makers and crisis managers have had a hard time envisioning what 
the value and purpose of a dashboard showing the status of all kind of critical infrastructures would be. While 
testing several approaches to clarify with examples which kind of indicators would be of interest, the Covid-19 
crisis has proven to be a strong illustrative case. First, as mentioned before, everybody has gradually become used 
to see graphs which show how the number of Covid-19 cases over time and per area. So it has been helpful to be 
able to suggest how similar graphs could be shown for other societal indicators. Next, the Covid-19 pandemic is 
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also a typical example of a long lasting crisis as well as a crisis which Ansell et al (2010) have defined as a 
transboundary crisis. Over time, the Covid-19 pandemic has had a major impact on different types of societal 
sectors. Consequently, it has been easy to draw up examples like “an indicator showing the number of people 
traveling by train” or an indicator showing “the number of people absent from work”. People can now more easily 
envision how such an indicator could have been informative throughout the whole Covid-19 crisis, compared to 
before. Therefore, a lesson learned is to import historical data so the distinction between “normal periods” (2018-
2019) and “world wide pandemic ongoing” (2020-2021) becomes visbile. Currently, a lot of such analysis (how 
Covid-19 impacted traveling, how Covid19 impacted production of goods) are presented in individual reports, 
where again, tables, figures and graphs are presented in pdf files. Hence, it is argued that such information would 
be more valuable when it is available in a dashboard web portal, rather than in a bunch of pdf files. 

Possibility: Continuous Monitoring of Indicators can Complement Text Based Situation Pictures 

Such reports, analysing the impact of a crisis on other societal sectors, are of course more informative when a 
table or graph is explained or commented by a text fragment which highlights the most important issues and guides 
interpretation. As such, the proposed dashboard with indicators should not replace map based and text based 
situation pictures, but rather complement them. In that way a richer situation picture is created which would help 
crisis management teams in developing understanding how a an ongoing crisis currently impacts different parts 
of society (and how initiated trends may escalate further). Also, crisis management teams could easily scroll back 
to earlier episodes (we had a similar storm two years ago, what happened then, which areas and societal sectors 
were impacted and how?).  

Possibility: Continuous Monitoring of Indicators can Reveal Neglected Second Order Escalations 

Also, whereas impacts on other parts of society have been discussed and analysed more roughly the past two 
years, data analysis of the number of Covid-19 cases and closely related health care figures have been scrutinised 
in much more detail. When the crisis management teams in society would have had detailed indicators on each 
and every part of society from the start, which automatically are generated without much manual efforts, crisis 
management teams would have had more time to analyse which parts of society actually are effected. This would 
probably earlier in the sequence of events, create understanding for second and third order escalations which are 
harder to imagine for scenario groups. Again, a richer data driven dashboard could inform the crisis management 
team and improve their analysis capabilities. 

Possibility: A Dashboard with Potential Indicators can be Developed Incrementally 

Whereas it may be perceived as an endless task to create 100 to 200 indcators that would cover each and every 
part of society, a more fruitful approach suggested would be to develop incrementally. When two new indicators 
are introduced every week in an agile development way, the envisioned dashboard will slowly become more and 
more complete. Such an approach can also be valuable from the perspective that early mistakes are not replicated 
for numerous indicators. Instead, the process of identifying and automating the data collection of a new indicator 
becomes more effective over time. 

Possibility: Start with Automating Data Gathering rather than Indicator Interpretation and Interaction 

Finally, both project team members and end users have mentioned that Artificiell Intelligence (AI) in the long run 
could help to analyse interaction between indicators, i.e. how a crisis escalates from one sector to others, and also 
suggest predictions of how these escalations may occur during an ongoing crisis. Whereas these kind of 
apllications also are attractive, this research shows that major work still has to be done in the preceding data 
collection phases, which both would free a lot of resources now occupied with gathering and compiling data 
manually, and which would create a better datavolume for AI to work with. 

CONCLUSION 

From the above analysis, it is evident that the challenge of monitoring crisis impact from a Business Intelligence 
perspective does not lie in technical tools or data availability. Rather, major improvements could be attained by 
clarifying the steering philosophy (i.e. which indicators matter) and addressing the organizational issues (i.e. 
determining the work flow from data collection to decision making, as well as automating the workflow as much 
as possible to avoid resource demanding manual operations).  

It can be concluded that combining methods and theories from Business Continuity Management and Business 
Intelligence could create a new kind of situation pictures that are particularly relevant for long-lasting 
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transboundary crises as the Covid-19 pandemic. As, according to Ansell et al (2010), such kind of crises are 
expected to become mainstream rather than the exception, it would be worthwile to explore how such kind of 
critical infrastructre continuity measures (used for preventive analysis in Business Continuity Management) could 
be transformed to real time Business Intelligence indicators informing crisis management teams under an ongoing 
crisis. When developing such applications, designers and faciliators could use the findings of this study to avoid 
typical pitfalls and to take advantage of identified possibilities. 
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ABSTRACT

Data represents an essential resource to the management of emergencies: organizations have been growingly 
investing in technologies and resources to lever data as an asset before, during, and after disasters and 
emergencies. However, research on data usage in emergency management remains fragmented, preventing 
practitioners and scholars from approaching data comprehensively. To address this gap, this research in progress 
consists of a systematic review of the literature in a two-steps approach: we first propose a socio-technical 
framework and use it in an exploratory mapping of the main topics covered by the literature. Our preliminary 
findings suggest that research on data usage primarily focuses on technological opportunities and affordances and, 
hence, lacks practical implementation aspects in organizations. The expected contribution is double. First, we 
contribute to a more comprehensive understanding of data usage in emergency management. Second, we propose 
future avenues for research on data and resilience. 

Keywords 

data eco-system, data processing, social media, information management, information technology, emergency 
organization 

INTRODUCTION 

The latest decades saw the emergence of data extraction, selection, processing, and manipulation before, during, 
or after critical emergency events. Coming from authorities to non-profit organizations or even emergent 
communities, a large spectrum of organizations has approached these techniques as relevant opportunities to better 
manage emergencies (Stieglitz et al., 2018, Saroj and Pal, 2020). For some years already, data usage for crisis 
management has been discussed significantly in crisis-related communities of scholars and practitioners (Tapia & 
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Moore, 2014). Accordingly, data-related technologies – including data mining, data visualization, machine 
learning, and artificial intelligence – have been presented as strategic assets for resilience (Meier, 2015).  

The combined rise of social media and machine learning accounts for scholars’ and practitioners’ embracing of 

data. In the emergency sector, some organizations have been exploring methods and algorithms involving artificial 
intelligence, machine learning, and data mining to explore social media as data sources (Alam et al., 2020). Also, 
early adopters have started to recruit data analysts dedicated to social media. Concurrently, they are reorganizing 
their processes to better benefit from the insights obtained from the data collected. Social media data radically 
transform operations, poses new challenges (Duffield, 2015), and induces new practices and capabilities in the 
emergency sector (Elbanna et al., 2019; Karanasios et al., 2019).  

In particular, social media platforms have been providing raw data streams directly to emergency responders. 
Ideally, these streams could help organizations generate new insights. However, they can also create tensions in 
organizations due to the need for additional competencies and efforts to integrate data into emergency 
management. As such, the usage and integration of social media data into emergency management is not a purely 
technological matter (Davenport & Kirby, 2016; Lyytinen et al., 2021).. Rather, it depends on the imbrication of 
technological, organizational and environmental elements.  

Better understanding the major features of this imbrication and its role in emergency management has become 
crucial. Still, the combination of the technical and organizational aspects of social media usage in emergency 
management has not been examined thoroughly and systematically (Calic & Resnyansky, 2015, Roja and Pal, 
2020). Rather, an important part of the research has been approaching the processing of social media data as a 
technical challenge (Reuter et al., 2018). Our research aims to address the following gaps. First, review previous 
works on the human-technological capacity of data extraction and processing in emergency management, labeled 
in this paper as data usage. Second, address the lack of a comprehensive conceptualization of data usage to help 
define and practically support it within emergency and disaster organizations. 

That is why this paper presents a work in progress that addresses the following research question: What are 
significant avenues of research on social media data usage in emergency management?  

To address the question, we propose a new theoretical framework of social media data usage in emergency 
management. This framework draws on existing ones, as well as socio-technical thinking. This paper is structured 
as follows.  First, major threads of research on data and emergency response are documented. Then, a version of 
a socio-technical framework for data usage in emergency management is presented. This framework considers 
the strong ties between the technical and technological implementation process and its surrounding organizational 
ins and outs. Then, based on this framework, a preliminary exploration of the literature is provided to draw 
potentially necessary research avenues on this question. Section three details the adopted methodology, and 
section four explores the first results of the literature analysis, as well as the expected contribution of this work. 

THEORETICAL BACKGROUND: FROM DATA EXTRACTION TO DECISION MAKING 

The backdrop for our study comprises three fields, namely i) computer science, ii) information systems, and iii) 
emergency and crisis management. Studies from these three fields reveal growing but fragmented interest in data 
concerning emergency response. This first section explains how the lack of a comprehensive view of data in 
emergency management can affect practices and knowledge. Second, we propose a socio-technical framework of 
data usage in emergency management as a basis for proposing a socio-technical process and its ins and outs that 
support the data usage lifecycle and enable the mapping of new avenues for research based on the corresponding 
topics already covered by the literature. 

Social media data and emergency management 

Scholar focus on data usage 

In the latest years, scholar examination of social media and emergency management has covered a growing 
spectrum of topics (Elbanna et al., 2019; Martínez-Rojas et al., 2018; Reuter et al., 2018). In order to better 
understand the diversity of topics, Reuter et al. provide an insightful and comprehensive overview of the four 
major threads of research on social media and emergency management (2018). 

An initial thread acknowledged and analyzed the role of social media in emergency communication. This thread 
depicts how organizations involved in emergencies formally rely on social media to provide updates to their 
stakeholders. Likewise, it explores communities’ reliance on social media as a technological opportunity for ad 
hoc mobilization of its members (Palen & Hughes, 2018). A second thread examines the impact of social media 
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on information practices in the mid and long term in the emergency sector. Studies from this thread outline that 
social media data can deeply shape decision processes (Elbanna et al., 2019) change how organizations 
communicate and make sense of an emergency (Bubendorff et al., 2021). Furthermore, access to data through 
social media can disturb coordination patterns and push new logics (Karanasios et al., 2019). The third thread 
studies how to co-construct tools and solutions to make social media data more beneficial to responders. Finally, 
a fourth thread examines how to collect and process data from social media to generate original insights.  

This thread had been attracting growing attention and corresponds to the scope of this paper. The development of 
social media platforms - resulting from Web 2.0 - has come with the generation of massive amounts of data 
(O’Reilly, 2007). As Error! Reference source not found. illustrates, scholar studies on data extraction and use 
from social media multiplied by eight since 2013.  

. 

 

Figure 1. Distribution of articles per year, resulting from the search string in Table 1 executed on Web of 
Science, on the 1st of February 2022 

Social media data usage in emergency organization 

 Social media generates massive amounts of heterogeneous: GPS coordinates, text, event date and time, like, tags, 
videos, pictures, meta data etc. 

Emergency organizations have been growingly using social media analytics (Stieglitz et al., 2018). Social media 
data can potentially generate very diverse insights on emergencies. The literature has mentioned a large spectrum 
of cases where organizations practically use social media data to manage emergencies.  In a systematic review, 
Saroj et Pal (2016) reported the topics which social media data can inform in emergency organizations, including 
emotions, ties between organizations, and events. Existing research has extensively mapped the techniques to 
produce insights out of social media. 

However, studies on information production from social media data usage in emergency organizations remain 
specialized (Saroj, Pal, 2020). In other domains than emergency management, some authors put into perspective 
the technological and organizational dimensions of social media data usage. For instance, public management 
scholars conceptualized data lifecycles to better understand its usage (Attard et al., 2015). Likewise, studies on 
transportation agencies outline the need to invest and manage infrastructure to fully exploit social media data. In 
emergency management, attempts to put into perspective technological and organizational dimensions of data 
usage were rarer. McCormick (2016) alerts on the lack of knowledge from emergency organizations on how to 
deal with social media data.  

We posit in this work the need to further relate the techniques of social media data usage to their implementation 
in organizations. Our rationale is that data usage embeds in complex cognitive and interactional activities in 
organizations, such as sensemaking, decision making (Wolbers et al., 2021). Hence, data usage, far from being 
neutral, is socially constructed (Mulder et al., 2016). 

To address this lack of comprehensive understanding of social media data usage, we propose a socio-technical 
framework. We then to map existing research and upcoming avenues based on this framework. 
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A proposal for a socio-technical framework of data usage in emergency management 

Data usage frameworks 

To the best of our knowledge, there is no comprehensive framework of data usage in emergency management. 
We detail the two frameworks that we draw on i) the CRISP-DM and i) TOE frameworks.  However, some 
frameworks detail the major processes underlying data analysis in organizations – labeled as data mining. Shearer 
(2000) presents the Cross-Industry Standard Process for Data Mining (CRISP-DM). This framework has 
standardized in multiple industries, gained momentum, and supported a holistic view on information production 
out of raw and unstructured data in organizations (Huber et al., 2019). The presents six major phases: 

1. Business Understanding: identification of the relevant business issues or goals. 
2. Data Understanding: data collection and inventory. 
3. Data preparation: data cleaning and feature augmentation. 
4. Modeling: identify the correct modeling method, build the model, and assess the model quality. 
5. Evaluation: evaluate the performance of the model with respect to the originating business needs. 
6. Deployment: deployment and monitoring planning, review. 

Multiple frameworks inspired on CRISP-DM. For instance, the Machine Learning Operations methodology 
(MLOps) (Treveil et al., 2020) describes the lifecycle of machine learning models. As training machine learning 
models requires data, MLOps reuse the data management part of CRISP-DM and add additional components 
reflecting the deployment of the trained models. Data usage is impacted by the practices and processes of the 
organization in which it develops. The Technology Organizational Environment (TOE) framework aligns with 
this view and was used to study technology adoption. Previous works investigated the adoption of social media 
analytics in organizations from this perspective (Stiegler et al., 2018). However, this framework focuses on the 
adoption of social media analytics and does not consider social media data usage in the long run. by the practices 
and processes of the organization in which they are deployed. However, existing frameworks primarily target 
engineering goals. The rest of this section presents the socio-technical framework proposed to identify the 
different areas of interest in data usage in emergency organizations. 

Socio-technical thinking applied to data 

For multiple decades, the human and the technological have been approached as mingled (Latour, 2007; Leonardi, 
2011; Orlikowski, 1992; Ropohl, 1999; Suchman & Suchman, 2007). According to socio-technical thought, 
technology and human beings mutually interact, especially in organizations that tackle complex problems 
(Ropohl, 1999). For instance, a specific technology offers possibilities of action that its users cease, thereby 
generating new activities or adapting processes. Reciprocally, users design technology or adapt its features 
depending on a large spectrum of organizational variables: operational needs, processes, organizational culture, 
etc. Hence, an underlying tenet of socio-technical thinking is the need to examine the mutual interdependencies 
between technology and human (organized) action. First, how technology can influence processes and activities 
in an organization. Second, how human activity shapes, defines, selects designs, and implements technology. 

Until recently, human, and technological dimensions of work used to rely on distinctive capabilities. While 
humans and technology mutually shape each other, their own features remain distinct. However, the increasing 
sophistication of technology - such as the rise of machine learning – based on growing access to data – blurred 
the distinction between human and algorithm capabilities (Lyytinen et al., 2021). Given the foregoing, we propose 
a new framework that draws CRISP-DM, TOE, and outlines the interactions between the I) technological, ii) 
organizational and iii) environmental components of social media data usage.   

Proposal for a framework of data usage 

Error! Reference source not found. provides a visual summary of the framework and its different components. 
Each component reflects where data is involved in the organization. In the framework, Environment refers to both 
external and internal environment. In emergency settings, the external Environment concerns the context in which 
organizations operate: the command chains, institutional logic, professional values, interdependencies with other 
organizations, etc. The internal Environment includes hardly visible phenomena that deeply influence the 
functioning of the organization in the long term: organizational culture, routine, hierarchy, etc. What we label 
‘Data processing activities’ concern the very extraction and manipulation of social media data. Data processing 
activities appear as a lifecycle or process as the one presented through the CRISP-DM framework. They combine 
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technological (such as algorithms and programs) and human capabilities (such as the labeling of the data to train 
the machine learning models and the supervision of the overall process). Organizational activities comprise 
operations, planning, and backup activities.  

Based on a socio-technical approach to data usage, this framework represents how data processing activities 
embed into organizational activities and Environment. In addition, we used this comprehensive to map aspects of 
data usage that were already investigated in the literature. For this reason, the different elements of the figure are 
explained below. In the methodology section, we detail how we rely on this framework to classify the articles 
considered for the review. 

- 1. User Needs: Organizational analysis of the needs and of the problems encountered in the organization, 
which call for data usage 

o 1-2. Setting up of a collection method in response to informational needs of the organization.  
- 2. Data Collection: Available data sources state of the art and collection implementation. 

o 2-1. Interactions from user needs to data collection are relative to the selection of data from the 
identified problems and needs. 

o 2-3. Interactions from data treatment to data collection refer to a technical or expert retroaction 
in which the data collection can be refined to improve the treatment. 

- 3. Data Treatment: Processing of the data flows. This is a step where limitations of the data itself are 
questioned and methods are built to circumvent them. 

o 3-4. Creation of information on the basis of targeted methods for data processing. 
- 4. Information Production: Information production (e.g., application of an algorithm, training of a 

model to recognize information, etc.) for decision-making from processed data. 
o 4-3. Retrospective analysis of the information produced in relation to the processing method 

initially used 
o 4-5. Influence of decision making, based on how the information is produced. 

- 5. Decision-making: Decision-making of the actors in relation to the information produced by a system 
(e.g., a decision in front of a dashboard presented to a user), how it is done and what its impact is etc.  

o 5-6. Impact of the influence of decision-making through data use on the organization, in the 
long term. 

- 6. Long-term Impact: Long-term consequences of data extraction, processing, and interpretation within 
the organization. 

- 7. Environment: Impact of data usage on the organization's Environment, i.e., its command chain, 
institutional logic, professional values, interdependencies with other organizations, etc., or organizational 
culture, routine, hierarchy, etc.  

 

Figure 2. Socio-technical framework proposed for data usage in emergency management. 
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METHODOLOGY 

To define the future avenues related to supporting the data usage lifecycle in the emergency and disaster 
management field, a systematic literature review is conducted. The framework previously proposed is used as a 
base for exploring the state of the art and eventually detecting unexplored areas. A set of keywords and topics was 
first set and transformed into a query string executed on the scientific databases Web of Science. The following 
details the methodology applied before drawing the first results of a preliminary sorting of the literature. 

Systematic literature review 

A systematic literature review consists of a “systematic, explicit and reproducible method for identifying, 

evaluating, and synthesizing the existing body of completed work produced by researchers, scholars, and 
practitioners” (Fink, 2019). Reviewing is essential for scholars and systematic research projects, and empirical 
work. Another evidence of the importance of reviewing can be found in the large spectrum of journals and journal 
issues that focus on the topic. 

The objective of reviewing the literature is to identify what has already been studied on the one side, and, on the 
other side, what requires further investigation (Cropanzano, 2009), what could be the object of new debates 
(Kunisch et al., 2018) or decision making (Briner et al., 2009). Hence, the review goes beyond mere classification 
and description of existing research but rather aims at addressing questions and limitations through analysis of 
previous work (Cropanzano, 2009). In line with this view, mapping reviews support theory development through 
the exploration of gaps across subgroups (Booth et al., 2021).  

In this research, we aim at better understanding the state of the art on the socio-technical dimension of data usage 
in emergency management organizations. The mapping review technique consists of categorizing existing 
literature and identifying its major features, as well as avenues for future research (Booth et al., 2021).  

Data collection  

TABLE 1: EXECUTED SEARCH STRING. 

Filtered by Document Type: Article 

Crisis Topic 

AND 

(crisis OR crises OR emergencies OR emergency OR disaster*) NEAR/1 
("manage*" OR "detect*” OR “response”) 

Data Exploitation Topic 

AND 

(exploitation OR Interpretation OR Analysis OR process*) NEAR/3 (data OR text 
OR image* OR tweet*) 

Social Media Topic “social media” OR “tweet*” OR “twitter” OR “facebook” OR “social network” 

OR ((media OR network) NEAR/1 social) 

 

First, relevant keywords related to data extraction and processing in crisis response were identified and enriched 
with related terms. Thanks to this, we elaborated a broad search string at the intersection of the fields of crisis, 
data exploitation, and social media, as provided in Table 1. The request resulted from multiple tests across various 
databases. 

We executed this search string on the scientific database Web of Science (WoS) which is a globally appraised 
database to collect articles and focuses on journal papers from a multidisciplinary perspective. The request was 
designed iteratively, with each iteration resulting in samples of various sizes, ranging from 280 papers to 1492 
papers. We excluded conference papers to avoid any redundancies with journal papers. Then we achieved a first 
filter by scanning titles, abstracts, and findings of the papers to determine those retained in our sample. This 
initiated some discussion among the authors on the scope of the research. After discussion, we agreed to exclude 
the papers that fell short of details on data usage. For instance, some studies mentioned data material involved in 
the analysis of Twitter communication rather than analyzing how data was or could be extracted. This selection 
process led us to consider a sample of 233 articles (as of the 1st of February 2022). 

Data Analysis 

Once we had the sample, we selected keywords used more than five times referenced among the papers and used 
VOSviewer v.1.6.18, a source graph and network analysis software, to highlight the most recurring topics and 
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their interconnections to get a first global glance at our corpus. This analysis identified four clusters of keywords 
related to the organization of the response (blue), communication to the public (yellow), the joint opportunities of 
social media and technologies (green), and the data automated processing(red), illustrating the strong interaction 
existing among these research communities (Figure 3). 

 

Figure 3. Network representation of keywords used more than five times in the retrieved articles and 
their co-occurrence. The different colors correspond to groups of similar keywords. 

Once having obtained this relevant corpus of articles, a deeper analysis allows confronting the previously proposed 
socio-technical framework to the coverage of the literature on the subject.  

We initially relied on the definition of each element composing the data usage framework to locate a randomly 
selected sub-sample of 50 articles within the data usage framework. We first made sure that each paper dealt with 
the topics within the scope of this research: techniques, methods, practices of data extraction processing, and use 
in crisis and emergency management, and discarded irrelevant articles. Then, in case an article dealt with a 
particular element of the framework, we assigned a boolean presence indicator for this element for this paper. 
Then, we computed the distribution of each article's related steps along with the data usage framework to get a 
preliminary representation of the different parts of the data usage framework in this sample.  

 PRELIMINARY FINDINGS 

Of the 50 articles randomly sampled, 16 were identified as irrelevant. The 34 remaining articles were then 
analyzed to identify their contributions according to the classification guidelines presented in the socio-technical 
framework presented previously. Figure  provides the resulting distribution of the paper per topic of the 
framework. 

As illustrated by Figure 4, the various aspects of data usage in emergency management are very unequally 
investigated. The distribution shows that data processing and information production are investigated 10 to 20 
times more frequently than the less investigated topics. This suggests - but still requires further investigation – a 
dramatic gap between four threads of research on data usage in emergency management. We first present each of 
these threads (that still require refinement in the coming lines) 

1. Data treatment and information production focus  

A first thread focuses on data treatment combined with information processing. It accounts for the most technical 
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aspects of data usage, and is largely investigated. For example, some works like Coche et al. (2021), Imran et al. 
(2014) propose algorithmic methods to extract information from social media data.  Crossing multisource 
including social media data, Xu and Ma (2021) propose a method to assess the waterlogging probability. This 
thread shows to what extent the treatment and processing of data are researched together by researchers who have 
been very active in investigating data processing as a technological opportunity, searching for ways to propose 
new inputs from data. 

2. Data sources selection 

On the data sources selection thread, it is interesting to note that, out of the 34 relevant articles, only 6 of them 
questions the data sources themselves. Works such as Hao and Wang (2021) specifically raise the question by 
providing a data-driven platform named ADIR. In most research works based on social media, it has to be noted 
that Twitter is prevalent due to its data ease of access (Twitter API), often to the detriment of other social media. 

3. Information processing and decision making  

A third thread investigates how information processing can affect decision-making: while they are not prominent 
in the studied literature, they provide very targeted studies. For example, Schemann et al. (2014) used quantitative 
and qualitative data and tried to find out what factors could be of influence for decision-makers during the 2007 
equine influenza outbreak in Australia and pinpoint social aspects, especially monitoring social expectations and 
communicate in particular in case of false rumors. 

4. The influence of social media usage in organizations  

The last thread concerns the role played by data usage in the organizations in the long term. This topic remains 
rarely investigated in comparison with the others: the only article that emerged in the sample claims a strong 
criticism of digital humanitarianism on the long term (Duffield, 2015).  

5. Focus disparities 

Though, the studied literature seems to suggest that is has been less examined how organizations practically the 
organizations’ needs that call for these opportunities. Besides, the literature hardly investigate the performativity 
of data processing, that is how reliance on data processing techniques can change the course of an emergency and 
transform organizations. 

Relying on a socio-technical framework, this systematic review details the – already pointed at - specialization of 
the literature on social media data usage in emergency management. While the socio-technical dimension of data 
was already outlined, this review suggests that scholars have already explored the articulation between the social 
and technological dimensions of social media data usage. Here Figure 4 shows that some aspects of data usage in 
emergency management remain hardly articulated to the others. For instance, there is 0 or 1 article on 1-2, 2-1, 5-
6 topics that concern organizational aspects of data usage.  

 

Figure 4. Distribution of the randomly sampled articles per proposed data usage steps. 

 

EXPECTED CONTRIBUTION  

This work proposes a framework that focuses to review research on social media data usage. Drawn on existing 
CRISP-DM, TOE and socio-technical theories, it underscores the technical and organizational aspects of social 
media data usage.  This work relies on this framework as a lens to explore social media data usage in emergency 
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management. It outlines four threads of research that cover distinct areas of investigation.  

Our analysis has just started and clearly needs refinement. The proposed framework, that we use as a mapping 
tool for existing research on data usage in emergency management, is likely to evolve through our analysis of the 
sampled articles. We expect to discover some topics uncovered by the current version of the framework. In 
addition, we classified the papers according to the topics of the framework that they address. In the future, two 
directions will be further explored. First, add deeper insights on the sociological and organizational perspectives 
by running a second query modified to focus on these aspects. Also, there is the need to sophisticate the 
classification grid, for instance by coding the research questions posed by the authors and that correspond to one 
or more topics of the framework.  

However, this review – still in progress – still outlines important points to consider future research on social media 
data.  First, existing works hardly explore the ties between social media data processing and other organizational 
activities. Without further insights on these topics, the field might become hyper specialized on technical topics, 
suffer from a lack of articulation of complementary stances and will lose its relevance. For this reason, our 
preliminary findings suggest the need for a more thorough examination of socio-technical aspects of data usage 
in emergency response. Second, the divergences between the four thread suggests the risk of fragmentation of 
research on data usage in emergency management. As Kuhn explains, knowledge building on a specific topic 
requires dialogue between the scholars who investigate this topic (Kuhn, 1962). The expected contribution of this 
work is double. First, the proposed framework can expand the scope of scholarly interest in data usage in 
emergency management. By approaching data extraction, processing, and interpretation as socio-technical, this 
work provides a conceptual grid that calls for further investigation of its socio-technical aspects. Second, by 
relying on a systematic mapping, this research will also help identify which aspects of data usage remain 
uncovered. More comprehensive research on data will benefit to practitioners and bolster research relevance.  
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ABSTRACT

The COVID-19 pandemic has generated unprecedented, devastating impacts across the United States. However, some
communities have disproportionately endured adverse health outcomes and socioeconomic injuries. Ascertaining
the factors driving these inequities is crucial to determining how policy could mitigate the impacts of future public
health crises. We have established research-driven metrics, aggregated as the Community Vulnerability Index
(CVI), that quantify vulnerability to public health and economic impacts of COVID-19. We performed two analyses
to better understand similarities between communities in terms of the vulnerabilities represented by the metrics.
We performed an unsupervised k-means clustering analysis to understand whether communities can be grouped
together based on their levels of negative social and health indicators. Our goal for this analysis is to determine
whether attributes of the constructed clusters reveal areas of opportunity for potential policy impacts and future
disaster response efforts. We also analyzed similarities between communities across time using time-sensitive
clustering analysis to discover whether historical community vulnerabilities were persistent in the years preceding
the pandemic and to better understand the historical factors associated with disparate COVID-19 impacts. In
particular, we highlight where communities should invest based on their historical health and socioeconomic
patterns and related COVID impacts. Through extensive interpretation of our findings, we uncover how health
policy can advance equity and improve community resilience.

Keywords

Public Health, COVID-19, Economic Impact, Mobile Health, Unsupervised Learning, Longitudinal Analysis,
Community Vulnerability Index, Proxy Outcomes, Health Policy, Social Determinants of Health, Equity.

INTRODUCTION

The COVID-19 pandemic has had disastrous health and economic consequences across the globe. In the United
States alone, there have been over 800,000 deaths (Times 2021) and 60% of businesses surveyed by Forbes were
closed for some part of 2020 (Arora 2020). Furthermore, these effects are not equitably distributed, and some
communities have disproportionately born the brunt of these devastating impacts. Across the United States, the
proportion of hospitalized patients with COVID-19 was highest for Hispanic or Latino patients (SD et al. 2021),
and job losses have been highest amongst immigrants and low-wage industries (Budget and Priorities 2021). These,
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among many other disparities, demonstrates the necessity for accurate measurement techniques to understand
current inequities, as well as targeted long-term policy reforms to prevent future ones (Perry et al. 2021).

Historically, researchers have often employed the US Center for Disease Control’s (CDC) Social Vulnerability Index
(SVI) database (Flanagan et al. 2018) to advocate for social equity policies (Karmakar et al. 2021). During the
COVID-19 pandemic, by building upon the CDC SVI available at the census tract level, scholars have assembled
indices reflecting various themes of COVID-19 vulnerability and have applied dimensionality reduction in order
to drive precision responses (Smittenaar et al. 2021). Rather than expanding upon general vulnerability metrics
(Tiwari et al. 2021; Marvel et al. 2021) or focusing on a specific aspect of vulnerability like job loss (Chmura 2021)
or hospital capacity (Tsai et al. 2022), our work is unique in that we developed a complementary suite of metrics
that quantify different axes of vulnerability to disparate impacts of the COVID-19 pandemic. Taken together, our
metrics provide a nuanced description of the particular needs of an individual community. Each of our metrics is a
weighted combination of relevant indicators and is constructed from data aggregated at the US county level; the
development of each metric is further described in the next section.

Other research has concentrated on spatial distribution of COVID-19 outcomes to demonstrate the impact on
racial inequity (Kim and Bostwick 2020), challenges faced by rural communities (Melvin et al. 2020), and the
relationship between mobility and vulnerability (Carroll and Prentice 2021). In this work, we not only examine
the spatial relationships of our metrics but also account for the temporal spread and community similarities. One
study compared temporal trends of COVID-19 incidence and death rates between areas with high and low values of
CDC’s SVI (Neelon et al. 2021); the scope of their study is much more limited than ours as we uncover historical
trends over years of comprehensive pre-pandemic data encompassing a myriad of factors. Through an intricate
analysis of diverse indices of vulnerability, we can provide a thorough understanding of which actions and policies
will bolster the resilience of these communities.

In this work, we seek to understand community similarities through unsupervised clustering and longitudinal analyses
of these metrics. Our central research question is whether isolating different types of long-term vulnerabilities,
as we have done through the CVI, can help us understand how some communities build resilience to disaster
events like pandemics. We accomplish this goal by identifying which communities have similar underlying health,
socioeconomic, and infrastructure features and how those features impact each other over time. Additionally, by
observing the health and economic outcomes across similar communities over time, we can draw conclusions about
how health policy impacts these communities, and in particular how policy can contribute to or reduce inequities.

The rest of this article is organized in the following manner. The next section discusses the COVID-19 Community
Vulnerability Index metrics created by Community Insight and Impact. We then split the analyses of the CVI
metrics into two sections: the first discusses the unsupervised clustering analysis, and the second discusses the
longitudinal analysis. Each analysis section contains an overview, results, and discussion subsection. We close
with the implications of both analyses on public policy responses to pandemics and other community health and
economic shocks.

THE COVID COMMUNITY VULNERABILITY METRICS

We developed the Community Vulnerability Index (CVI) to quantitatively describe different different types of needs
and risks that communities may experience during the COVID-19 pandemic. The CVI encompasses three distinct
metrics: COVID-19 Case Severity (Severity), Risk of Economic Harm (Economic Harm), and Need for Mobile
Health Resources (Mobile Health). Each metric is a weighted combination of quantile-normalized variables; the
selection and weights of each variable is informed by an extensive review of relevant public health, social science,
and urban planning literature. We considered statistical correlation information (for instance, initial research during
the early pandemic measuring the relationships between co-morbidities and mortalities) as well as causal pathway
dependencies between different variables established in public health and social science research (for example,
research characterizing barriers to healthcare access as primary (absence of available care) or secondary/societal
(language obstacles)). Each metric is introduced below and a full description of the CVI development, as well as a
validation study, can be found in Thais et al. 2021.

Our dataset encompasses a large dossier spanning public health, socioeconomic, infrastructure, and outcome
information. Due to our commitment to providing accessible and interpretable results, we exclusively utilize public
data in this work. With non-proprietary data we have the opportunity to provide policy leader, community members,
and other stakeholders with the tools to allocate resources effectively. Consequently, in some cases public data
availability constrains our sources.

The Severity metric measures the risk of COVID-19 cases requiring hospitalization as a benchmark for prevalence
of severe COVID-19 complications in a county, and the variables and corresponding weights are shown in Table 1.
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As such, the number of COVID-19 hospitalizations would have been an ideal base variable for this metric; however,
a nationwide data set on hospitalizations was unavailable. Therefore, the statistic with greater availability, number
of COVID-19 cases (‘Covid Cases’), was used instead. In addition to the base indicator, we include the county
prevalence of comorbidities found to be associated with general COVID-19 hospitalizations according to pre-print
and peer-reviewed articles from the early stages of the pandemic: March 2020 to June 2020. Specifically, these
comorbidities that are strongly associated with COVID-19 hospital admission, ICU admission, and in-hospital death
include diabetes, obesity, cardiovascular disease, and hypertension (Lodigiani et al. 2020; Al-Sabah et al. 2020;
Yang et al. 2020a; Richardson et al. 2020); these indicators are given the highest weight in the metric. Respiratory
conditions were more weakly associated with severe COVID-19 outcomes; therefore Chronic Obstructive Pulmonary
Disease (COPD) and ‘% Smokers’ (Collaborative et al. 2020) are included with lower weights. Finally, ‘% Adults
65 and Older’ in a county is an effect modifier for all indicators in the metric. Elderly age increased the both the
prevalence of comorbidities and the association of those comorbidities with severe COVID-19 outcomes (Zhou et al.
2020).

The Economic Harm metric measures a county’s risk of severe, negative economic impact due to COVID-19, and
the variables and corresponding weights are shown in Table 2. The metric considers several traditional economic
development indicators: poverty, income, educational attainment, and unemployment. The indicators ‘% Below
Poverty’ and ‘Median Household Income’ capture low-income communities’ pre-existing economic needs that
may make them less resilent to economic instability (Drobniak 2012). ‘% No College Degree’ was chosen as
a measure for educational attainment because college graduates tend to have higher job security that allows for
telecommuting. Unemployment is split into two indicators in order to best capture the complex behavior of job
losses amid the pandemic (Mikolai et al. 2020). ‘Unemployment Rate’ is inclusive of permanent job losers, job
leavers, and people that are temporarily laid-off while ‘% Not in Labor Force’, consists of marginally attached and
discouraged workers. ‘% Not in Labor Force’ is included in addition to the traditional unemployment measure in
order to capture information about those workers who have discontinued their job search or chosen to stay out of the
workforce during the pandemic (Bauer et al. 2020; Labor Statistics 2020). The metric also considers individuals
with precarious jobs, defined as non-standard or temporary employment, by including the ‘% Part-time’ and ‘%
Self-Employed’ indicators (Bartik et al. 2020). Ideally, shift, temporary, gig, and seasonal workers would also be
included, but nationwide datasets for these worker types were unavailable. Finally, the ‘% Jobs in Leisure and
Hospitality’ captures the job outlook for the hardest-hit industry during the pandemic (Forsythe et al. 2020).

The Mobile Health metric measures the community need for non-traditional healthcare delivery services including
physical mobile health clinics, virtual telehealth services, and remote technology that monitors patients’ wellness,
and the variables and corresponding weights are shown in Table 3. The need for mobile health services arises
when a county lacks traditional healthcare services, and mobile health services can provide a critical alternative.
Therefore, the variables of this metric describe obstacles blocking healthcare services. The first type of impediment
considered is physical isolation. The indicators ‘Primary Care Physicians Rate’ and ‘Number of Hospitals’ describe
a lack of healthcare infrastructure (Yu et al. 2017). ‘% Rural’ considers where residents would likely be distanced
from traditional healthcare services, and ‘% Households without a Car’ and ‘% Workers Commuting by Public
Transport’ determine the availability of transportation that could serve to mitigate this problem. In addition to
infrastructure access, access may be limited by administrative and cultural barriers. Those without health insurance
(‘% Without Health Insurance’) are less likely to seek healthcare services (Malone et al. 2020), while the variables
‘% Limited English Proficiency’ and ‘% Non-white’ capture those that are disadvantaged in finding linguistically
and culturally appropriate care, and as a result are also less likely to seek healthcare services (Yu et al. 2017).
Additionally, veterans (‘% Veterans in Civilian Adult Population’), individuals with disabilities (‘% People with
Disabilities), illegal drug users (‘Opioid Death Rate’), and the elderly (‘% Adults 65 and Older’) are groups that are
historically underserved in the US healthcare system (Malone et al. 2020). Finally, the metric includes the general
health status of a county as represented by ‘% Fair or Poor Health’.

UNSUPERVISED LEARNING FOR DETECTING COMMUNITY HEALTH PATTERNS

To understand similarities and differences between communities in terms of the indicators used to construct the core
metrics we carried out an unsupervised clustering analysis. We then studied whether or not similar communities
experience similar health and economic outcomes, explored why these differences may exist, and discuss what
implications they have for community resilience and disaster response.

Specifically, we applied the K-means clustering algorithm to the underlying variables of each metric (Lloyd 1982).
K-means clustering is a method of unsupervised learning that groups data records into k clusters, where k is specified
beforehand. The algorithm initializes the k clusters and assigns each data point to a cluster based on its distance
to the cluster centriod. It then iteratively recalculates cluster centroids as centers of all the points belonging to
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Variable Weight
Covid Cases 1

% Adults 65 and Older 4
% Diagnosed Diabetes 4
% Adults with Obesity 4

Heart Disease Death Rate 4
Hypertension Death Rate 4

COPD Mortality Rate 3
% Smokers 1

Table 1. Severity Variables and Weights

Variable Weight
% Below Poverty 1

Median Household Income 1
% No College Degree 1
Unemployment Rate 1
% Not in Labor Force 1

% Part-time 1
% Self-Employed 1

% Jobs in Leisure and Hospitality 1

Table 2. Economic Harm Variables and Weights

Variable Weight
Number of Hospitals -3

Primary Care Physicians Rate -3
% Rural 3

% Workers Commuting by Public Transport 2
% Households without a Car 2
% Without Health Insurance 2

% Adults 65 and Older 2
% Limited English Proficiency 2

% People with Disabilities 2
% Veterans in Civilian Adult Population 1

% Non-white 1
Opioid Death Rate 1

% Fair or Poor Health 1

Table 3. Mobile Health Variables and Weights

the cluster and reassigns data points based on their updated distances to the new centroids. Clustering concludes
when the cluster centers converge. Following quantile normalization of the features, we applied the Elbow Method
to identify the optimal number of clusters. The Elbow Method determines the optimal number of clusters in a
dataset. After plotting the explained variation of the data as a function of the number of clusters, we select the
number of clusters where the curve displays an "elbow" shape. This point optimizes the greatest explanation of
variance while reducing the diminishing returns associated with adding clusters. We validated this optimal cluster
selection by studying the Silhouette Scores associated with each cluster count. The Silhouette Score, which can
also be used to select the optimal number of clusters, measures how similar each data point is to its cluster versus to
other clusters on average. Higher values indicate that the data point is well matched to its cluster. For Severity we
form 3 community clusters and for Economic Harm and Mobile Health we form 4.
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Results

For each metric, we visualize the distributions of variables by cluster. Additionally, in order to understand the impact
of community health and socio-economic characteristics on outcomes of interest, we selected a proxy outcome for
each metric. The choice of proxy metrics were informed by our previous validation studies Thais et al. 2021 and
the original intention of the metric; for Severity, we select the cumulative hospitalization rate due to COVID-19
measured from March 2020 - April 2021, for Economic Harm we select cumulative initial unemployment claims
between January and November 2020 per 100 people in the 2019 labor force, and for Mobile Health we select
the ratio of hospitals per 100,000 population. The hospitalization rates and unemployment claims data was not
available for every county. Whereas comprehensive data was needed in the construction of the metrics, the available
data was sufficient for further analysis by proxy metric. The proxy outcome for the Mobile Health metric is the
least related to the original intention of the metric, and thus, we include the distribution of deaths attributed to
COVID-19 across the Mobile Health metric clusters as an additional proxy.

The distribution of underlying variables and proxy outcomes vary substantially between clusters across all three
metrics.

Figure 1. Severity Plots: Variable Distributions by Cluster, Proxy Outcome, and Choropleth Map

Discussion

We note several informative trends from the clustering analysis. Figure 1 shows the cluster distributions for the
Severity metric. The proxy outcome distributions (COVID-19 attributed hospitalizations) are similar across all
three clusters with Clusters 1 and 2 having slightly larger right tails. This is interesting as Cluster 0 has the highest
COVID-19 case rates, indicating that prevalence of COVID-19 cases in a community is not the driving factor in
the rate of severe complications. Cluster 1 has high rates of COVID-19 comorbitidies (Yang et al. 2020a) along
with relatively high COVID rates. In contrast, Cluster 2 has much lower COVID rates but a substantially older
population with similar rates of COVID comorbidities. This supports conclusions from other work that age is a
critical modifier for COVID-19 case severity (in part because the prevalence and severity of comorbidities increase
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Figure 2. Economic Harm Plots: Variable Distributions by Cluster, Proxy Outcome, and Choropleth Map

with age) while the presence of comorbidities can be used to further refine health risks after accounting for age
(Atkins et al. 2020; Thais et al. 2021).

For Economic Harm, as shown in Figure 2, we find differences in the proxy outcome (unemployment claims)
based on underlying community factors. In particular, Clusters 1 and 2 have the highest rates of unemployment
claims while Cluster 0 has substantially fewer. Both Clusters 0 and 3 have high values of ‘Median Household
Income’, and corresponding low values of ‘% Below Poverty’. Additionally, Clusters 1 and 2 have higher rates
of precarious economic factors such as ‘% Part Time’, ‘Unemployment Rate’ (pre-covid), and ‘% Not In Labor
Force’. Values of ‘% Jobs in Leisure and Hospitality’ and ‘% Self Employed’ do not exhibit clear trends across
clusters and outcomes. Overall, this supports the conclusion that pre-pandemic local economy stability (low poverty
rates, high income, robust work force) is the most important factor in limiting the negative economic impacts of
COVID-19. Surprisingly, we also note that ‘% No College Degree’ is closely correlated with ‘Median Household
Income’ across all clusters; however, a more complex analysis of this trend is beyond the scope of this paper.

For Mobile Health, see 3, we first note that the clustering seems to be capturing different community types based on
the ‘% Rural’ values. In particular, Cluster 1 represents urban (non-rural) communities, Cluster 3 is primarily rural
communities, and Clusters 0 and 2 are mixed (likely more suburban). This is confirmed by a national choropleth
visualization of the cluster labels that shows Cluster 1 concentrated in California and the East Coast Atlantic corridor,
Cluster 3 concentrated in the Southeast, and Clusters 1 and 2 spread across the Northeast, Midwest, and West. Many
of the other variables exhibit expected correlations with these community types (i.e. higher values of ‘Opioid Death
Rate’ in rural communities (MC et al. 2019) or higher values of ‘% Workers Commuting by Public Transit’ in urban
areas) so we focus on comparisons between Clusters 0 and 2 and Clusters 1 and 3. Notably, Cluster 0 seems to
capture poorer suburban/medium rural communities due to lower values of ‘Primary Care Physician Rate’ and
higher values of ‘% Without Health Insurance’ and ‘% Limited English Proficiency’. Cluster 0 also has higher rates
of ‘% Fair or Poor Health’ and much higher COVID death rates. This indicates that poorer communities, which
often had reduced healthcare access pre-covid, were the most negatively affected by the pandemic. Urban areas
(Cluster 1) and rural areas (Cluster 3) have a similar number of hospitals per capita, but rural areas have higher
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Figure 3. Mobile Health Plots: Variable Distributions by Cluster, Proxy Outcomes (Hospitals/Capita left and
COVID-19 Deaths right), and Choropleth Map

death rates, perhaps due to increased difficulty accessing healthcare and lower rates of primary care. We also note
the bimodal shape of death rates in rural communities, which we discuss further in the “Implications for Public
Policy" section of the paper.

LONGITUDINAL ANALYSIS OF HISTORICAL HEALTH TRENDS

To further measure the validity of the three metrics to discover how the metrics and their composite variables
changed year-over-year, we undertook a study of the metrics across time. While the unsupervised learning analysis in
the previous section focuses on similarities between counties based on current values of the metrics, the longitudinal
analysis identifies whether counties can be considered similar based on the historical distribution of the same
metrics. The longitudinal analysis reviews historical data, and specifically panel data where the unit of observation
is county-year rates of health and socioeconomic factors, as the longer span of time enables us to identify patterns
in community clusters that may be less apparent in recent data. Understanding which clusters of communities have
historically been at greater risk for health and social inequalities and which demonstrate consistent characteristics
that might render their economies more vulnerable to shocks like a pandemic can help policymakers better target
public health and socioeconomic interventions.
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We repeated a two-step exploratory analysis for each of the core metrics: we analyzed variation within the composite
variables using Analysis of Variance (ANOVA) testing and analyzed variation across the composite variables using
time-series sensitive k-means clustering. ANOVA refers to a collection of statistical models used to calculate
differences among groups of data. Additionally, we modeled the relationships between variables using correlation
and predictive power score (PPS) matrices. Predictive power score matrices show nonlinear one-way relationships
between variables and unlike pairwise correlation plots can capture asymmetric correlations. We restricted the time
span of the historical datasets to ensure no variables were missing for any year and omitted any COVID specific data
(‘Covid Cases’) as it only exists for 2020. The years included are 2010-2017 for Severity, 2010-2019 for Economic
Harm, and 2011-2018 for Mobile Health.

For the time-sensitive k-means clustering analysis using the historical datasets, we implemented a k-means algorithm
with soft-dynamic time warping (soft-DTW) as the distance metric. Unlike traditional k-means algorithms,
time-sensitive k-means algorithms use the similarity between time series to form clusters. Dynamic time warping
is a measure of similarity that temporally aligns multiple time series so that they can be compared on a similar
timescale. Unlike dynamic time warping, the soft-DTW algorithm is differentiable across all arguments, which
improves modelling performance (Cuturi and Blondel 2017). Finally, we analyzed COVID-19 cases and deaths
aggregated across the clusters for the time period January 2020 - April 2021. We perform this comparison to validate
that each clusters’ distribution of the three core metrics reflect COVID-19 direct impacts for those geographic areas.

Results

Across all the metrics, the within-variable analysis found group mean and median differences in the composite
metric variables were statistically significant below a p-value of 0.05 for all variables. Analyzing across-variable
relationships of each metric’s composite variables using the PPS matrix generally found that the cross-variable
predictive power of the indicators is low, indicating that, at least over the time period considered, shifts in individual
health or socioeconomic indicators typically do not immediately precipitate changes in others. Nonetheless, we
note a few significant trends. For Severity, ‘% With Diabetes’ and ‘Total Heart Disease Death Rate’ are relatively
predictive of other variables. For Economic Harm, ‘% Part Time’ employees is predictive of ‘% No College Degree’
and ‘% Not in Labor Force’ is predictive of ‘% Below Poverty’. Finally, for Mobile Health, ‘Opioid Death Rate’ and
‘% Limited English Proficiency’ are predictive of ‘% Rural’.

The time series clustering analysis revealed discernible geographic clusters within each core metric. Using the
elbow method, we determined that three clusters were optimal for Severity and Mobile Health and four clusters
were optimal for Economic Harm.

For Severity, the clusters are visualized in Figure 4. Cluster 2 contains the largest number of observations, and
Cluster 0 is the smallest. Cluster 1 has the highest mean percent of the population who smoke, are obese, and have
diabetes. Cluster 1 also has the highest rates of hypertension, total heart disease, and COPD. Cluster 2 ranks second
across all negative comorbidities, but the disparity in health factors is significant (Cluster 1 has on average 24% of
the population as smokers versus 19% in Cluster 2 and 16% in cluster 0). Clusters 1 and 2 each have the highest
percentages of residents above age 65. Cluster 1 experienced the highest median daily COVID-19 cases and deaths
across a 14-month period. Cluster 1 appears to be centered in the Southeastern United States, Cluster 2 is mostly
concentrated in the West, and Cluster 0 is mostly concentrated in the Mountain West and Northeast.

For Economic Harm, as shown in Figure 5, Clusters 2 and 3 contain the largest number of observations. Cluster 0
shows the highest average percentage of individuals living in poverty, second highest average rate of individuals with
no college degree (tying cluster 2 at 90%) and the lowest median unadjusted income at roughly $45,000. Cluster 1
has the highest average unemployment rate at 7% and the highest percent of individuals working in the hospitality
industry on average (at 11.3%). By comparison, Cluster 2 exhibits the lowest average unemployment rate (at 5%)
and the lowest percent of individuals working in the hospitality industry. Cluster 1 is concentrated in the Western
United States, Cluster 2 mostly represents the Midwest, and Cluster 3 is mostly concentrated in the Mid-Atlantic
and Northeast.

For Mobile Health (see Figure 6), Cluster 0 contains the largest number of county-year observations, and Clusters 1
and 2 are roughly the same size. Cluster 1 sees higher rates of opioid deaths, higher physician-to-patient ratios,
and far more individuals in poor health (average of 20% versus 17% for Cluster 0 and 13% for Cluster 2), without
health insurance (avg of 16%, versus 14% for cluster 0 and 11% for Cluster 2), and disabled (average of 19%, versus
16% for Cluster 0 and 12% for Cluster 2). Clusters 0 and 1 are nearly tied for average percent of veterans (at 10%).
Cluster 0 sees the most individuals on average who use public transit and who have limited English-speaking skills.
The Clusters are distributed relatively evenly across the United States, but Cluster 1, which exhibited the worst
historical outcomes, is concentrated in the Southeast. We also find that Cluster 1 also experienced the highest
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Figure 4. Severity Plots: PPS Matrix and Geographic Dispersion of Longitudinal Clusters

median daily case load across a 14-month period and the highest death rate when looking at the data aggregated
across all counties. These findings suggest that the historical patterns in the mobile health metric are picking up
areas of higher COVID-19 risk.

Discussion

Overall, we find that the PPS analysis revealed predictive patterns that reflect our understanding of how variables
in the three core metrics are related. For example, diabetes and heart disease are some of the most prevalent
comorbidities of COVID-19 (Yang et al. 2020b) and are commonly associated with other health conditions such as
smoking and obesity. We similarly found other expected patterns among the economic harm composite variables,
such as that having no college degree is predictive of part-time employment and that median income is predictive of
the percent of the population living under the poverty line. In the future, to identify stronger relationships between
the composite variables, it may be useful to review whether combinations of variables are more predictive than the
univariate comparisons.

Analyzing the longitudinal study alongside the unsupervised learning analysis reveals some similarities. The
longitudinal analysis for the Severity metric also finds higher median COVID-19 case rates in counties that also had
high historical rates of individuals over 65. Likewise, for Mobile Health, we find poor historical health outcomes
(including high percentages of the population with no health insurance and in poor health, rates of deaths caused
by opioid overdose, and high physician-patient ratios) and poor COVID-19 outcomes concentrated in one cluster
with primary concentration in the Southeast (an area of the country that tends to be more rural). The association
between historically poor chronic health indicators and high COVID-19 mortality is supported by (Daras et al.
2021). Overall, these results suggest that semi-rural communities distributed primarily in the Northwest, Rocky
Mountains, Texas, the Southeast and Appalachia, are some of the hardest hit areas with respect to the historical
trends in community vulnerability risk factors. High average community vulnerability risk factors over time also
appear to be correlated with higher COVID-19 case and death loads. However, specific community outcomes
depend on nuanced interactions of socioeconomic and health factors.
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Figure 5. Economic Harm Plots: PPS Matrix and Geographic Dispersion of Longitudinal Clusters

IMPLICATIONS FOR PUBLIC POLICY

This analysis has direct implications for effective policy responses to COVID-19 and for general pandemic
preparedness across different communities. Although not all of the relationships we discovered are causal, by
contextualizing this work in the broader public health research landscape we can make suggestions for impactful
policy. For example, the study of the Severity metric confirms other research that age (65 and older) is the largest
risk factor for COVID-19 hospitalizations (Atkins et al. 2020). This implies that while general efforts to reduce case
counts would have some impact, focusing resources and preventative measures on the most vulnerable population
would be most effective. Thus, it is critical to have a flexible pandemic response strategy that incorporates scientific
analyses of on-going pandemic trends. Additionally, the longitudinal analysis revealed that prevalent comorbidities
for COVID-19 are historically predictive of other health risks; therefore, investing in improving overall community
health will likely reduce the risk of disproportionately severe impacts of future pandemics.

Our study of the Economic Harm metric showed that local economic stability in terms of secure job availability and
high average household income is critical for preventing negative economic impacts of pandemics. Investing in
the local economy is then one way that local governments and citizens can strengthen their resilience to global
catastrophes. The longitudinal analysis revealed a relationship between college education and reduction in job
precarity, and so improving college preparedness and investing in local community college infrastructure are two
concrete actions that communities can take. Additionally, in communities with insufficient full-time employment
opportunities, investing in increased support for part-time workers, including compensation parity and control over
work schedules, could help strengthen the economic local infrastructure (Golden 2020).

Our study of the Mobile Health supports other work demonstrating that rural and poor communities were the
most impacted by the COVID-19 pandemic (Shah et al. 2020; Mueller et al. 2021). In particular, we found that
healthcare infrastructure in terms of numbers of hospitals and primary care providers per capita, and access to that
infrastructure is critical to mitigating the negative impacts of health crises. Similarly to the Severity metric study,
the longitudinal study of the Mobile Health metric revealed that many negative health behaviors and outcomes
are historically correlated and the prevalence of these factors substantially increases a community’s risk for
adverse health consequences during the COVID-19 pandemic. In the long-term, an investment in local healthcare
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Figure 6. Mobile Health Plots: PPS Matrix and Geographic Dispersion of Longitudinal Clusters

infrastructure will likely improve overall community health and provide a buffer to reduce the impacts of future
pandemics. Furthermore, because pandemics exacerbate existing health inequalities, mobile health resources and
pandemic specific public health resources should be preferentially allocated to rural and low-income communities.

By incorporating policy datasets like ‘COVID-19 State and County Policy Orders’ (Health & Human Services 2021),
we can study how individual policy mandates can lead to different outcomes in similar communities. Throughout
this analysis we recorded communities that have disparate outcomes for their cluster and county-year observations
with large percent changes for on-going policy study (specifically, we record counties where proxy outcomes,
COVID-19 case, hospitalization, death rates, or individual variable year shifts fall below the 10th or above the 90th
percentile). As a sample analysis, we studied the bimodal distribution of the COVID-19 Death rates in Mobile
Health Cluster 3. We found that significantly more counties with low death rates (below 500 per 100,000) enacted
county level mask mandates (16% vs 6.5%) and required closure of non-essential businesses (7.8% vs 5.5%).
Through similar analyses we can isolate the impacts of individual policies further characterize which types of policy
responses will be most effective in an individual community. In the future, plan to continue this line of research by
further investigating outliers across the different metric clusters and by extending this methodology to a historical
policy dataset that can be used to investigate policy changes that resulted in large year-over-year shifts in the metric
variables.

CONCLUSIONS

By utilizing quantitative community risk metrics and SDHs we are able to describe which communities are most at
risk of inequitable impacts from COVID-19 and describe the historical health, socioeconomic, and infrastructure
factors that contribute to this risk. Additionally, by combining these results with policy databases, we are able to
begin to characterize effective local policy interventions to reduce these inequities. In particular, this work highlights
that investing in local community stability in terms of core health, economic, and educational infrastructure is the
most effective way to increase community resilience and prepare for global crisis events. Furthermore, the analyses
presented in this work indicate that national infrastructure development efforts should focus on rural and poor
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communities, particularly in the Northwest, Rocky Mountains, Texas, the Southeast, and Appalachia. Additionally,
our metrics can be utilized by policy makers, community leaders, and mutual aid efforts to guide how to most
effectively focus development resources based on local current and historical health and socioeconomic factors.

Overall, this work highlights that pandemics and other health disasters require multifaceted, proactive, and sustained
policy responses that address more than just the individual health event.
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ABSTRACT 

Citizen generated data can play an important role in enhancing community resilience. However, the relationship 
between data and community resilience has only been partly addressed in existing resilience scholarship, 
predominantly from the perspective of data utilisation in response to unfolding crises. Yet, in this study we attempt 
to highlight a different pathway for data-enabled contributions to community resilience, focusing on the process 
of data generation and its capacity to constitute a transformative moment itself. By exploring the case of the 
marginalized flood-prone community of M’Boi Mirim in São Paulo, Brazil, we introduce the concept of dialogical 
participatory mapping, and we argue that the process of generating geospatial data can empower local 
communities and assist in nourishing a resilience spirit among community members.  

Keywords 

Community resilience, dialogical approach, participatory mapping, marginalized communities 

INTRODUCTION 

Community resilience as a term has dynamically entered the human geography, sociology, planning and disaster 
scholarship during the last two decades, following an ontological evolution of the root term -resilience- across 
different disciplinary fields and an eventual ‘social turn’ in resilience conceptualisation (Brown, 2014; Coaffee & 
Lee, 2016). In parallel with this continuously accentuated role of civil societies and local communities in resilience 
scholarship, the increased utilisation of digital technologies and the development of knowledge infrastructures has 
facilitated an advanced capacity to respond to unforeseeable events, rendering data as a key component of modern 
practices to enhance community resilience (Kaufmann, 2016). Practices such as risk mapping, scenario planning 
(Fresco & Timm, 2016; Rickards et al., 2014), forecasting and early warning and alert systems are among the 
prevalent methods of knowing and preparing for events that can never be fully anticipated. Such methods are 
predominantly targeted at transforming resilience management by taking advantage of the continuous 
interconnectedness and overabundance of data in urban environments and the amplified importance of concepts 
like ‘Big Data’ and ‘Internet of Things’ in contemporary urbanization processes (Batty, 2013). This gradual 
digitization of urban life has elevated the importance of digital information for modern urban operations, giving 
birth to novel urban concepts such as ‘urban science’ (Michael Batty, 2015; Kitchin, 2020), ‘neogeography’ 
(Haklay, 2013; Turner, 2006) and ‘smart urbanism’ (Kitchin, 2014). In practice, the abundance and ubiquity of 
data has encouraged many local authorities to adopt and implement smart, data-driven approaches that take 
advantage of the new infrastructure of sensing, data collection and analysis (Bibri, 2018; Viale Pereira et al., 
2017).  

Citizen generated data hold a central position among such approaches as it physically demonstrates this shift from 
top-down command-and-control approaches to emergency management towards a more bottom-up collaborative 
approach that is sensitive different socio-spatial particularities and vulnerabilities and assists in not only making 
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marginalized voices visible but also in ensuring that such voices are fed in to emergency response policies (Krüger 
& Albris, 2020). In this context, participatory mapping has acquired a central position among common  citizen 
generated data methods, primarily for humanitarian response, through the establishment of collaborative online 
platforms such as ‘Open Street Map’ (OpenStreetMap, 2021) and  ‘Ushahidi’ (Ushahidi, 2021), which ‘leverage 
mobile platforms, geospatial technologies, and visual analytics to map emergent challenges and resilience 
initiatives in order to accelerate response’ (Kaufmann, 2016: p.110). 

While community resilience scholarship has a distinct and continuously emerging literature (Camponeschi, 2021; 
Norris et al., 2008; Wisner & Kelman, 2015), the emerging role of data as a vital mode of enhancing community 
resilience has only partially been addressed in existing resilience scholarship, rendering a more thorough 
investigation of the relationship between data and community resilience both timely and essential. Therefore, in 
this study we attempt to rethink the relationship between data and community resilience by shifting the focus from 
data utilisation to data generation, essentially viewing the process of data generation as a transformative moment 
that is capable of enhancing community resilience (Porto de Albuquerque et al., 2021). We explore this hypothesis 
through dialogical participatory mapping, a collaborative co-productive approach for data generation inspired by 
the Brazilian educator Paulo Freire and his dialogic engagement approach (Coaffee et al., 2021; Freire, 1970; 
Porto de Albuquerque & de Almeida, 2020), presenting the initial application of the approach in the marginalized 
community of M’Boi Mirim in the city of São Paulo, Brazil. 

BACKGROUND OF THE STUDY 

Community resilience definitions 

Community resilience as a term, largely reflects the gradual upgrade of the role of civil societies (and communities 
in particular) in reducing vulnerability and managing disaster impact. From this standpoint, it also echoes 
evolutionary understandings of resilience (Davoudi et al., 2012) as the process of developing adaptive capacity 
to deal with complexity and uncertainty (Beilin & Wilkinson, 2015) in local communities, instead of merely the 
ability to increase the capacity for learning and adaptation. The notion of adaptive capacity is inherently embedded 
in the understanding of resilience as a process, since it connects the idea of ‘bouncing forwards’ following a 
disturbance to the mobilisation of resources to prepare for confronting a range of known and unknown future risks 
and challenges. Many scholars have also referred to the concept of ‘adaptive resilience’ as a fundamental quality 
of sustainable social systems. Others have extended this understanding to urban environments by underlining the 
contribution of community planning in the revitalisation of communities affected by destabilising shocks 
(Goldstein et al., 2012).  Furthermore, in the context of environmental risk and disaster recovery, the potential of 
communities and individuals to mobilise and create social networks and reframe the traditional pathways of local 
risk management from a top-down to a bottom up approach, has been extensively emphasised by several 
researchers (Aldrich, 2012). Such work has illuminated how civil society has played a key role in post-disaster 
recovery on several occasions, especially through efforts concentrated at the neighbourhood scale. 

In contrast with traditional approaches to disaster risk, which advocated a top-down mechanism for disaster risk 
management, relying on a narrow range of stakeholders (Coaffee et al., 2018), community-oriented resilience 
approaches aspire to leverage a network of professional and community groups at a range of spatial scales, in 
preparing for and responding to (un)expected perturbations. In the context of disasters, Wisner and Kelman 
(2015), argue that ‘community resilience, […], involves interactions among individuals, groups, and institutions 
that usually result in collective action to enhance the capacities for recovering from a disaster (p.355), 
emphasising once more the importance of collective action and active citizenship in order to enhance community 
resilience. Similarly, Bosher and Chmutina (2017, p.32) define community resilience as ‘a measure of the 
sustained ability of a community to utilize available resources to respond to, withstand and recover from adverse 
situations’, although pointing out that determining actual risk awareness in the first place is a complex matter 
requiring contextual understanding of cultural, social and spiritual norms and perceptions.   

More recent definitions of community/social resilience reflect the community-based transition in disaster studies 
as well as the ‘social turn’ of resilience studies (Coaffee & Lee, 2016). Some of them are quite broad and attempt 
to reflect the ontological fermentations on different understandings of the term (Imperiale & Vanclay, 2021) while 
others emphasise human-environment interactions, following the ascent of discussions climate change in 
academic and global policy agendas (Fazey et al., 2021).  

 

Citizen Generated Data and community resilience 

Citizen generated data and digital participation as a means for enabling the empowerment of local communities 
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and enhancing community resilience towards external shocks has been widely acknowledged in GIS and human 
geography scholarship as well as disaster risk management (Wehn et al., 2015) and humanitarian action (Haworth 
et al., 2018). In more detail, the collective production of geospatial data for humanitarian response, usually 
encapsulated in the term ‘neogeography’ (Turner, 2006), has been identified as an alternative source of real-time 
data for hazard-prone and disaster-impacted communities, especially in data-scarce urban environments, such as 
the Global South. With local authorities in need of continuously updated, real-time datasets, crowdsourced-
produced citizen generated data in different forms, such as Volunteered Geographic Information (VGI), is 
becoming an increasingly more reliable source of information, and combined with existing authoritative datasets, 
can inform disaster risk management and ultimately enhance community resilience through improving disaster 
risk governance. Although there are key challenges restricting the utility of citizen generated data in resilience 
practice, mostly related to data quality, accuracy, veracity, reliability and compatibility with existing authoritative 
datasets and improvement of tools to facilitate data production (Camponovo & Freundschuh, 2014; Haklay et al., 
2010), ‘neogeography’ constitutes a significant alternative source of updated and often real-time data for 
emergency response in times of crisis.  

From this perspective, the relationship between citizen generated data and community resilience is apparent. Here, 
the mobilisation of local communities in generating locally relevant data for emergency response is a crucial 
activity which assists the emergency response apparatus ultimately contributing to enhancing community 
resilience through the utilisation of the newly produced datasets. Examples of such local mobilisations have been 
identified in several areas across the world (particularly in the Global South), most notably after the Haiti 
earthquake in 2010 (Yates & Paquette, 2011) and numerous other humanitarian crises. The emergence and 
continuous expansion of groups such as the Humanitarian OpenStreetMap (HOT, 2022) and its Tasking Manager 
Platform have also assisted in the wider involvement of individuals across the world in the process of geospatial 
data generation. 

DATA GENERATION AS A COMMUNITY RESILIENCE BUILDING PROCESS 

However, here we propose a different pathway for enhancing community resilience through citizen generated 
data, one that focuses on the process of data production and its transformative potential rather the utilisation of 
the data per se.  In accordance with the ascent of citizen-generated data and digital participation as an instrument 
for enabling the empowerment of local communities, as it has been manifested through ‘neogeography’, instead 
of focusing on the applicability of citizen-generated data as essential digital information for supporting disaster 
risk management and response, we take a step back and consider the data generation process as a transformative 
moment itself (Porto de Albuquerque et al., 2021). In our view, the process of data generation is capable of 
gradually establishing a culture of community resilience through social learning, the establishment of mutual trust, 
the empowerment of alienated urban stakeholders and the development of ‘critical consciousness’1 (Porto de 
Albuquerque & de Almeida, 2020; Souza et al., 2019). This endeavour to progressively nourish a sense of 
community resilience through the production of locally relevant data is focused on individuals and social groups, 
commonly alienated from decision-making processes. Here, geospatial information -more commonly referred to 
as VGI- are more relevant in the majority of the cases. 

Viewing data generation as a resilience building process is, however, not always, de facto transformative. More 
critical opinions on digital participation for humanitarian action focus on the inherent dangers involved in the 
process digital engagement arguing that inappropriate engagement methods are often incapable of unveiling tacit 
local knowledge and can create a ‘delusion of democratisation’ (Haklay, 2013), instead of equitably promoting 
urban resilience principles, such as holistic vision (Hynes et al., 2013), mutual trust (Bourgon, 2009), co-
production (Turnhout et al., 2020) or participatory and adaptive methods (Healey, 1998). As community 
engagement through data generation being inextricably connected to the processes of community engagement 
employed, we propose dialogical participatory mapping approach, inspired by the Brazilian educator Paulo Freire 
and his iconic work ‘Pedagogy of the Oppressed’ (Coaffee et al., 2021; Freire, 1970; Porto de Albuquerque & de 
Almeida, 2020).  

Dialogical participatory mapping as a method for building community resilience 

Our dialogical participatory mapping method is constructed upon the production of citizen-generated data from a 
critical pedagogical lens. The dialogical approach commences with the exploration of ‘generative themes’, which 
can be conceptualised as ‘meaningful existential themes that are part of the everyday life of social groups and 
which are filled with emotional content that constitutes experiences and shared values’ (Souza et al., 2019 p. 

 
1 Critical consciousness is a term coined by the Brazilian educator Paulo Freire (Freire, 1970) and frequently used in the 
context of the critical pedagogical process he proposed in illiterate marginalized communities across Brazil.  
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1169). By exploring generative themes, we attempt to comprehend the reality of community groups and 
individuals and activate a dialogical process for community engagement. Our ultimate goal is to document local 
perceptions of risk and understandings of the physical and built environment and allow community members to 
frame their understanding of sustainability transformations while mobilising local communities to produce change 
in their local conditions (Coaffee et al., 2021). This is based on the Freirean concept of ‘conscientização’ or 
conscientisation, a concept targeting at establishing a new critical consciousness to local citizens through, with 
which they will ‘learn how to perceive social, political, and economic contradictions, and to take action’ (Freire, 
1970 p.17). Through this process, citizens are becoming transformative agents and commit to co-creating their 
ambient physical and built environment (Souza et al., 2019). Citizen engagement in this case is not merely a means 
to gather data, but an opportunity for social learning for citizens and researchers, through which both can acquire 
a new critical consciousness of the components undergoing socio-spatial processes in their communities.  

Under this prism, in our approach participatory mapping is utilised as the transformative method for enacting this 
dialogical approach and is divided into three phases. The first phase (diagnostic phase) focuses on identifying 
local perceptions and understandings of risk through performing a risk perception and mapping exercise. Starting 
with an exploration of different ‘generative themes’ sensitive to the particular realities of different local 
communities, and through developing and applying a dialogical community engagement approach, the goal here 
is to record bottom-up voices and needs of community members and document them on existing maps of the 
areas. Later, the second phase (data-production phase) attempts to transform the outcomes of the diagnostic 
phase into geospatial data through participatory mapping. In more detail, local citizens and community members, 
with the initial support and guidance of more experienced mappers, start generating new context-related and 
locally relevant geospatial data, as identified through the generative themes presented in the risk perception maps. 
This newly-produced data is then added to the OpenStreetMap (OSM) platform (OpenStreetMap, 2021), a free 
online geospatial platform used by thousands of mappers around the world and enable the generation of detailed 
community maps, openly available to everyone and are subjected to an initial digital validation process. Here, the 
dialogical participatory mapping method is expected to not only create a sense of collective ownership to local 
citizens (Liu et al., 2018) but also to instigate a process of consciously and critically exploring their ambient 
environment and gradually cultivate a community resilience spirit. The third phase of our dialogical participatory 
mapping approach (ground-truthing phase) involves field visits in the mapped areas with printed maps by local 
citizens involved in the data-production phase including the newly-produced geospatial data from the previous 
phase, in order to confirm their spatial accuracy and validity. Finally, the fourth phase of our approach involves 
the presentation of the mapping results to the community members and a detailed documenting of reflections to 
the dialogical participatory mapping process not only by the community members but also by external actors.  

In the following example we present some preliminary outcomes of our dialogical participatory mapping approach 
in the community of M’Boi Mirim, São Paulo. 

Building community resilience to floods through dialogical participatory mapping in M’Boi Mirim 

The first endeavour to operationalize our dialogical participatory took place in M’Boi Mirim, a marginalized 
flood-prone urban district located within the metropolitan area of São Paulo, Brazil. The fundamental driving 
force for our method was the fact that existent geospatial and flood risk data for M’Boi Mirim was not 
comprehensive or granular enough to facilitate effective disaster risk management, while it also lacked 
personalised and locally relevant information. Therefore, the diagnostic phase commenced with the sharing of 
memories by older residents and community members about previous flooding events and the sharing of 
perceptions and understandings of risk in the neighbourhood. Later, 60 dwellers of M’Boi Mirim were approached 
and provided with physical copies of maps of their neighbourhood and were subsequently asked to draw the most 
flood-prone zones within M’Boi Mirim based on their perceptions of flood risk (Klonner et al., 2021) (Figure 1). 
These newly created ‘Sketch Maps’ (Klonner et al., 2018) were subsequently digitized and compared with official 
flood risk maps and models to examine if local perception is adequately depicted on authoritative datasets2.  It 
should be mentioned here that whilst conventional community engagement approaches recognise the value of 
citizen participation in filling the gaps of existing urban data, they often instrumentalize the role of citizens, 
framing them as sensors confined to capturing pre-defined environmental signals. Thus, the main purpose of risk 
perception mapping here was to unveil flood risk knowledge that might be undetected and not accounted for by 
conventional risk monitoring approaches.  

 
2 While the majority of flooding areas within M’Boi Mirim were identified as such in official flood risk maps, the coarseness 
of the maps led to many irregularities with the risk perception maps. 
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Figure 1: Risk perception mapping with residents in M'boi Mirim 

The data-production phase begun with the introduction of the mapping tools to the students of four local schools 
through a series of workshops and participatory mapping sessions (Figure 2). Later, and following a discussion 
with representatives of the local communities, local residents and local Civil Protection units, students were 
actively involved in mapping buildings and streets across M’Boi Mirim in the OpenStreetMap platform, adding 
features and information to the newly-created data based on their local knowledge of the area. The geometrical 
accuracy of the data was later digitally validated by more experienced mappers, and common patterns of mapping 
mistakes were categorized and presented back to the students with the aspirations of such issues being avoided in 
future mapping efforts. The geospatial data generated by the students was aimed towards assisting local authorities 
in improving the spatial and temporal coverage of existing databases, thus enabling more precise flood forecasting, 
whilst simultaneously empowering citizens and school students in M’Boi Mirim and encouraging them to adopt 
a more anticipatory and resilient behaviour towards flood-related events. 

  
Figure 2: Participatory mapping with students from the Vicente Leporace school in M'boi Mirim 

Unfortunately, pandemic-imposed restrictions posed significant hurdles related to the completion of the ground-
truthing phase of this dialogical participatory mapping approach. Covid-19 had a significant impact on the country 
of Brazil, and eventually on the citizens of M’Boi Mirim rendering physical contact and visiting of the mapped 
areas rather complicated. However, as the restrictions are progressively being lifted, this very important phase of 
the proposed method is progressively being planned. However, despite the lack of implementation of its third 
phase, preliminary results of our dialogical participatory mapping method show that the high-quality locally-
relevant geospatial data produced by the citizens can be a useful supplementary source of information for the local 
civil defence and disaster response authorities, while simultaneously the dialogical community engagement can 
increase awareness on flood risks, empower local communities, establish new and strengthen existing solidarity 
networks and stimulate social mobilization.  

Currently, we are in the process of rethinking the dialogical participatory mapping process through reapplying it 
in three different neighbourhoods across three Brazilian cities: Cai Cai in São Paulo, Guarani Kaiowá in Belo 
Horizonte and Seis de Agosto in Rio Branco. As contextual characteristics of communities vary across our case 
studies, we are ready to accommodate potential alterations in our approach, following however, the framework 
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presented above and emphasizing more on the importance of critical reflections in a given space from the co-
production of geospatial data through mapping, and the involvement of internal and external agents.  

CONCLUSIONS 

The goal of our approach is to highlight a different pathway for data to contribute and ultimately enhance 
community resilience, particularly in marginalized and data-scarce areas of the Global South. Here, instead of 
harnessing citizen generated data as information to enhance community resilience, we focus on the process of 
mapping as a transformative moment that can contribute to the cultivation of a resilience spirit among community 
members. While acknowledging the significance of citizen generated data to improve and inform disaster risk 
management and eventually enhance community resilience, we conceptualize data generation as a community 
resilience building process itself. Hence, without disregarding the necessity to produce timely and accurate data, 
particularly in data-scarce urban environments, or in areas with ongoing humanitarian crises, we argue that 
engaging local citizens in the data generation process is a crucial transformative moment capable of mobilizing 
existing social capital, empowering underrepresented citizen groups and cultivating a spirit of awareness through 
data ownership. 

As the example of collaborative mapping in M’Boi Mirim demonstrates, the introduction of participatory mapping 
to local schools has not only enabled school communities to familiarize themselves with flood risk in their 
neighbourhood, but also provided them with the opportunity to break existing knowledge barriers by conveying 
their territorial wisdom through geospatial citizen generated data, simultaneously building a sense of data 
ownership and risk awareness. Similarly, risk perception mapping endeavoured to transform citizen memories, 
experiences and tacit knowledge into tangible representations of flood risk. Regardless of the practical utilization 
of the newly created datasets3, the process of data generation creates a pathway to mainstreaming a spirit of 
community resilience, not only in data-scarce communities of the global south, but also in the context of more 
data-rich contexts. Hence, in parallel with the expanded application of our approach across Brazil, we are currently 
adopting the dialogical participatory mapping approach aspiring to enrich our initials insights from M’Boi Mirim 
and provide a more comprehensive and inclusive version of our method in seven case studies across Europe 
through the HORIZON 2020-funded project ‘RiskPACC – Integrating Risk Perception and Action to enhance 
Civil protection and Citizen interaction’, expanding the perceived array of risks to include wildfires, earthquakes 
and urban security beyond flooding.  

 
3 It should be mentioned here that some of the newly-produced datasets are being used by the local civil defence in M’Boi 
Mirim. Such datasets are mostly referential base-maps of the local community, including local roads, pathways and buildings. 
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ABSTRACT 

To observe psychosocial effects of the Covid-19 pandemic on the population, multiple retrospective studies have 
been performed in Germany. However, this approach may lead to response bias regarding affective and cognitive 
processes as it fails to capture situations as they occur (‘in situ’). Identifying those situations in daily life where 
individuals are emotionally and cognitively affected by Covid-19 can provide valuable insights for mobile 
experience sampling method studies (MESM) that evaluate participants’ affective and cognitive processes. This 
study presents an MESM solution (a self-developed smartphone app and server backend) to detect Covid-19 
induced ‘in-situ frames’ which was successfully used in a long-term psychosocial study in Berlin (Germany) from 
November 2021 to January 2022. As highly sensitive personal data (e.g., emotional state, vaccination status and 
infection state, socio-demographics) have been collected, the solution places a strong emphasis on privacy, 
pseudo-anonymization, data-minimization, and security. To support long-time motivation for the participants, 
good usability and user experience containing gamification elements were also realized. The results indicate that 
Covid-19-related situations expressed by means of a high emotional risk perception could be identified even 
though participants located themselves in “rather Covid-19 free” private spaces.  

Keywords 

Mobile Experience Sampling Method, in-situ frames, Covid-19, Privacy-by-Design, risk perception 

INTRODUCTION 

The Covid-19 pandemic starting in early 2020 has created a multitude of challenges regarding health, social, 
economic, and political dimensions worldwide, and is continuing to exert psychological stress on large numbers 
of people. One aspect of public safety and security in our field of research is to study the impact of large-scale 
crisis situations – such as the Covid-19 pandemic1 – on the safety and health of the public in Germany, and how 
to mitigate negative impacts on individuals and society. 

Global health crises that pose an immediate threat to the public, such as the Covid-19 pandemic, exceed individual 
and societal resources. Besides physical consequences, they affect psychological well-being and constitute a 
mental stressor that needs to be countered by means of problem-oriented or emotion-oriented coping strategies 
(Lazarus & Folkman, 1984; López-Vázquez & Marván 2003). This study considers Covid-19, a catastrophic 
event, as a stressor that requires a response by the individual to cope with it. 

1 In Germany, Covid-19 is usually referred to as ‘coronavirus’ or ‘corona’. 
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The key research question during one of our research projects called “Psychosocial situation of the population 
during the corona pandemic” (LaBeCo) (funded by the German Federal Ministry of Education and Research) was 
to identify the intra-personal psychological impacts that Covid-19 exerts on individuals regarding their risk 
perception, especially when and how Covid-19 (coronavirus) affects the subjective feelings/emotions and 
reactions/behaviors of individuals during the pandemic in their day-to-day lives. 

Each time a situation or an action of an individual is directly (“must wear a face mask”) or indirectly (“listen to 
new pandemic developments on the news”) influenced by the Covid-19 pandemic, we call it a ‘Covid-19 relevant 
situation’ that spans a certain amount of time (called ‘in-situ frame’). Any given moment of the day at any given 
place could be a relevant in-situ frame. Depending on the situation and on psychological factors, an in-situ frame 
is perceived differently by various individuals (e.g., threatening situations versus non-threatening situations). 

Common research strategies use cross-sectional or longitudinal study designs (e.g., Glöckner et al., 2020, Dohle 
et al., 2020, and Hertwig et al., 2020) to measure risk perception and coping strategies within the population. 
These studies usually focus on (more or less) representative samplings and face the problem that respondents are 
asked to rate their experiences retrospectively. Risk perception in these studies appears as relatively stable, while 
previous MESM studies by the authors were able to show that risk perception depends to a great extent on a 
situational frame (Gerhold et al., 2020). 

A position paper published in March 2021 by 65 experts from the field of psychosocial crisis management (Hering 
et al., 2021) outlines the requirements that a psychosocial situation report (or situation picture) must include with 
regard to managing the challenges presented by this novel coronavirus. The authors state that “Psychosocial 
situation pictures must record the experience and behavior of the population or individual population groups and 
analyze risks, resources, needs and requirements so that concrete recommendations for action for interventions 
and, if necessary, supporting measures can be derived from them” (p. 2). Data on the psychosocial situation of the 
population should therefore be added to current situation reports emanating from the field of crisis management 
in the form of “information, figures, data and facts” (Hering et al., 2021).  

The approach presented in this contribution aims to offer a new type of data on the psychosocial situation that can 
support crisis management. In our study, we conducted a long-term smartphone-based survey derived from the 
mobile experience sampling method (MESM) from November 2021 to January 2022 in Germany (during the 
Delta wave and at the beginning of the Omicron wave) spanning multiple weeks to identify the impact of those 
Covid-19 induced ‘in-situ frames’ on the participants. For our study, it was important to gather as much unfiltered 
real-time data about participants’ feelings – i.e., the participants had to fill out short experience surveys during in-
situ frames answering varying questions regarding affective, cognitive, and conative processes. The information 
gathered in the survey can help to extend the overall psychosocial situation report and its dynamics as they play 
out among the German population, which in turn can be used to provide support to decision-makers on a local, 
regional, or federal level. 

Prior to conducting the field study, we designed and implemented the mobile experience sampling toolchain 
(algorithm, smartphone app, and server backend) addressing the following challenges: 

(1) Identify potentially Covid-19 induced ‘in-situ frames’ to trigger surveys to be sent to the participants at
the right moment.

(2) Allow a long-term study that can adapt within an ongoing and rapidly changing pandemic situation.
This includes (a) providing long term motivation for the participants, and (b) supporting the updating
of questionnaires to reflect the latest insights that may impact criteria for identifying Covid-19 induced
situations.

(3) Assure data protection and privacy due to collection of sensitive personal data.

In this paper we present our concept and implementation of a privacy-friendly MESM toolchain (smartphone app 
and server backend) for long-term surveys that can identify Covid-19 induced situations in order to provide 
matching surveys to these in-situ frames to the participants. The MESM toolchain was successfully used in a study 
carried out in Germany that served as a proof-of-concept, and findings from this innovative study will be presented 
in the evaluation chapter. 
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STATE OF THE ART AND RELATED WORK 

The mobile experience sampling method (MESM) is a digital adaption to the experience sampling method (ESM)2 
facilitating applications on mobile devices (such as smartphones). Smartphones are widely used in modern life 
and, acting as a daily digital companion, they are easily available at almost any given time in any place or situation. 
Push notifications on smartphones are a feasible way to gain users’ attention. With just a fingertip, the new piece 
of information is consumed, and responses can be produced at short notice. Conducting surveys for collecting 
multiple data points per day using a smartphone instead of pen and paper is easy and efficient and is an unobtrusive 
and low-cost effort to the daily routines of digital citizens. Combined with push notifications as a trigger, 
smartphone apps are a feasible instrument for performing in-situ studies, i.e., studies carried out in a real-life 
setting in contrast to studies undertaken in a laboratory setting. The noticeability and short reaction time is 
essential for collecting responses and reactions for situation-based affective and cognitive processes to track the 
thoughts, feelings, and behaviors of individuals (Karnowski et al., 2013; Restel et al., 2017). 

Over time, several smartphone-based MESM tools have been developed. An extract is depicted in Table 1 listing 
modern MESM apps (running on iOS and/or Android) that are still in use or under active development. An 
emphasis is placed on the license/pricing model, GDPR compliance (General Data Protection Regulation of the 
European Union), operating environment, as well as features like the trigger mechanism for new surveys, and 
whether and how long-term motivation is supported. The table also contains some commercial MESM tool 
providers, although our research project is mandated to use a free and/or open source solution. Of all the existing 
solutions, none were a fit for the requirements of our project, which is why a new solution was created. 

Table 1.  Overview of existing MESM tools 

License/ 
Pricing 

GDPR 
compliance 

Operating environment Trigger Long-term 
motivation 

AWARE 
Framework  

Open/ 
free Unknown Self-hosted Time-triggered No 

eMoodie Labs 2.0 
Closed/ 
unknown Unknown Public cloud Time-triggered Gamification 

Ethica 
Closed/ 
paid No Public cloud 

Mobile sensing, 
notifications No 

Experience 
Sampler 

Open/ 
free Yes Self-hosted Time-triggered No 

ExpiWell 
Closed/ 
paid Unknown Public cloud 

Time-triggered 
notifications 

Gamification, 
progress charts 

KoBoToolbox 
Open/ 
free Unknown Self-hosted Spatial-triggered No 

LifeData 
Closed/ 
paid Yes Public cloud 

Time-triggered 
(activation slots) No 

MetricWire 
Closed/ 
paid Yes Public cloud Mobile sensing No 

movisensXS 
Closed/ 
paid Yes Public cloud 

Mobile sensing, 
notifications Progress charts 

murmuras  
Closed/ 
free for education Yes Public cloud Mobile sensing No 

ohmage 
Open/ 
free Unknown 

Public cloud, 
Self-hosted 

Time-triggered, 
Spatial-triggered No 

PIEL Survey 
Closed/ 
free Yes 

Self-hosted 
(No server necessary) Time-triggered No 

Samply 
Closed/ 
free Unknown Public cloud 

Time-triggered 
notifications No 

Teamscope 
Closed/ 
paid Yes Public cloud Time-triggered No 

2 Experience sampling is sometimes called ecological momentary assessment (EMA). 
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PRIVACY-BY-DESIGN BASED DETECTION OF COVID-19 RELEVANT SITUATIONS 

Privacy-by-Design (PbD) is a well-known term in computer science and research, especially in software systems 
that process user information. It is characterized as more than just a way of maintaining security but rather as 
requiring systems and their components to minimize the amount of personal information processed (Schaar 2019; 
Langheinrich, 2001). This implies that personal data should only be clearly visible when essential. The amount of 
clearly visible data should be minimized and only be visible to whomever it concerns e.g., system components, 
system/application users, or operators. The principal idea of PbD is to integrate privacy preserving characteristics 
into the design and planning phases of system development. This approach is described as “taking proactive 
measures rather than reactive measures by designing the system architecture” (Cavoukian, 2019). 

Due to the sensitivity of the data collected in this study, PbD is fundamental, particularly when it comes to health-
related data that will be collected including the current health state of users, their friends or families as well as 
users’ vaccination status. The “7 Principles of Privacy-by-Design” (Cavoukian, 2019) is a guide for integrating 
privacy principles, encryption, and obfuscation into a system without losing functionality. Out of the principles 
presented in this guide, the following were most relevant for our approach: 

(1) Proactivity
Since the duration of the survey was only a couple of weeks with a single release build, all privacy
related issues had to be proactively solved pre-release rather than post-release within a single update
cycle.

(2) Privacy Embedded into Design
The system architecture is designed in such a way that all data are processed in the most privacy
preserving way possible by using end-to-end encryption of survey responses, obfuscation of data, and
anonymization and pseudonymization of users. Data are processed on the device and only uploaded to
servers fully encrypted and with the user’s consent.

(3) Full Functionality
Sensing of day-to-day activities of participants and Covid-19 relevant situations is addressed less
invasively by renouncing the use of location-based services.

(4) End-to-End Security
End-to-end security is deeply integrated into the data processing with predefined concept of rights and
roles enabled to either encrypt or decrypt data. Privacy preserved sensing of personal everyday
situations.

In-situational timeframes (‘in-situ frames’) 

As defined by basic PbD principles, sensing of people’s everyday situations had to be conducted in a 
data-friendly way. We therefore developed an algorithm within the app that is mainly responsible for 
how the survey functions. The requirements of the algorithm were defined as follows: 

• The application should wake up regularly in the ‘right’ situations, defined as situations that might be
Covid-19 relevant for a user. The decision as to whether a situation is Covid-19 relevant or not is left
completely up to the user.

• The application should not be annoying by randomly prompting too often, as this would lead users to
uninstall the app and stop participating in the survey. They should further be motivated to participate
on a regular basis.

• Situations missed by the mechanism should still be capturable individually by users.

• Because the survey is designed to accompany the participant over several weeks, users should be
motivated to fill out forms on a weekly basis.

In order to meet these requirements, the algorithm realizes in-situational timeframes (‘in-situ frames’) that are 
used by the mobile application aiming to capture as many responses as possible while the user is in a Covid-19 
relevant situation. The app uses these in-situ frames, realized by the algorithm, to autonomously wake up with a 
local push-notification prompt that requests the users’ attention to fill out a survey form regarding their current 
situation (see Figure 1). 
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Figure 1.  In-situ push notification 

Regarding the development of the algorithm, there was a design decision to be made as to whether to use active 
and regular location sensing to wake up the application, as well as whether to use a time-based approach. 

Renunciation of location-based services 

We decided to renounce location-based sensing while preserving full functionality for the following reasons: 

(1) Due to the requirements of data protection and with regard to the survey demand, asking someone to
use an app regularly over several weeks, we assume that active location sensing over a long period of
time is not beneficial for our approach. By deciding not to use location-based services, we aimed to
develop an application that establishes a privacy preserving behavior that is less intrusive regarding
privacy permissions on the app. This is intended to further rely on PbD principles and to increase
participants’ trust in the app as well as in the study. Recent research findings indicate that users are
more likely to uninstall an app or to not use an app if location-based services are integrated into it
(Poikela, 2020).

(2) Due to the nature of a pandemic as a worldwide spread of a virus, we concluded that Covid-19 relevant
situations might be found everywhere a person can be in his or her daily life and are thus not locally
restricted. We therefore refrained from using specific sites such as event locations, shopping malls, or
hotspots like train stations due to the all-encompassing characteristic of the pandemic. We preferred
instead to let users independently decide about relevancy by taking their current situation into
consideration rather than with the app using a location-based prompt.

We further decided that a location-based triggering of surveys by the app was not the right approach to detecting 
highly subjective and individual situations that are perceived as Covid-19 relevant by a participant over a long 
period of time. Our assumption may be clearer with an example: 

A participant may feel unsecure or uneasy while reading Covid-19-related news in an article, regardless of a 
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situationally very low risk of infection while being alone at home. However, the safe place at home might turn 
into somewhere perceived by the user as Covid-19 relevant when, for example, a visitor turns up or a plumber, 
who may be unvaccinated or untested, arrives without a mask. Both situations may be perceived completely 
differently by someone who is usually unafraid of the virus when alone or with close family at the same location. 

To still be able to capture multiple moments, we decided to use a time-based design to wake up the mobile 
application in semi-randomly selected in-situ timeframes (‘in-situ push’) as well as offering the possibility for a 
user to fill out a questionnaire as needed (‘in-situ pull’). 

Figure 2.  Scale answer format evaluating the current perceived danger of Covid-19 

‘In-situ push’ notification-based approach 

The in-situ push algorithm defines three ‘in-situ frames’ per day as the trigger to prompt a push notification to the 
user requesting answers for a survey form (see Figure 1). Each in-situ frame triggers at most once per day within 
a maximum timeframe from 0:00h to 23:59h. The hours are assigned by the algorithm to each in-situ frame 
initially on a random shuffle basis. This will result in the participant being prompted three times a day. Multiple 
prompts within one hour are prevented since the timeslots for the frames are chosen in such a way that they occur 
at least one hour apart. The in-situ frame has a span of five minutes. If the user reacts to the push notification 
prompt within the in-situ frame, he or she can fill out the prompted form to describe their current situation by 
responding to a range of questions (see Figure 2) and then sending the response to the server. Once this has been 
done, the current situation is considered as captured. A new trigger timeslot will then be assigned randomly to the 
frame for the next day. Reshuffling the timeslots for each in-situ frame after capturing a situation means that 
prompts do not appear every day at the same time but rather at varying times across different days. This 
functionality is expected to increase the chances of capturing multiple situations throughout the day without 
researchers knowing where a user is currently located. 

Prompting a notification cannot be muted within the app. Instead, the user is encouraged to adapt the timespan to 
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periods that are perceived by the user as individually appropriate (see Figure 3). The user always therefore has the 
choice to individually change the timespan that is used by the algorithm to assign random hours to the in-situ 
frames. The app provides settings for either decreasing the timespan to at least three hours or increasing it to a 
maximum of 24 hours. An active participant who recognizes several missed prompts within a day or who clearly 
sees the app always prompting at times when the user sees no Covid-19 relevancy at all may reduce and shift the 
timespan according to their individual lifestyle. For example, the possibility of being prompted by the app can be 
changed to a span between 7:00h to 16:00h, to not being notified at night but rather when travelling to work or 
school, or during working hours or while shopping. 

In-situ frames that are not reacted to by the user are not reshuffled and trigger every day at the same hour. This is 
intended as an intrinsic communication to the user. If the user recognizes multiple missed prompts over several 
days, he or she should feel motivated to adapt the timespans using the setting. Although this feature may benefit 
from further tweaking, our intention is to prevent the loss of data and increase the possibility of prompting the 
user according to the information the user gives to the algorithm. 

Figure 3.  Settings to increase or decrease the timespan in which in-situ frames are defined 

‘In-situ pull’ affordance-based approach 

Although the user is prompted multiple times per day, it must be considered that not all situations might be 
autonomously capturable via this technical mechanism. Further, we expect interesting situations as likely to occur 
spontaneously. We therefore provide the users with the ability to open a form whenever they want (‘in-situ pull’), 
enabling them to describe the situation they are currently in without being prompted by the ‘in-situ frame’ 
algorithm. The situational questionnaire form that is then opened by the app is the same as the form presented in 
an ‘in-situ push’ situation except for one additional answer, giving the user the possibility to explain why he or 
she wants to fill out a form (see Figure 4). 
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Figure 4.  Users may open three different questionnaires regarding personal information, situational 
information and weekly contributions 

‘Weekly push’ notification-based approach 

Since the survey is designed as a long-turn study that accompanies the participant over several weeks, the user 
will be nudged once a week with a ‘weekly prompt’. This prompt opens a weekly specific form that gives the user 
the chance to answer health-related questions as well as measures taken by describing the last week. The user was 
prompted with different forms each week after the initial week. These forms support dynamic content and can be 
used to re-evaluate the personal perception of the pandemic based on answers given in previous weeks as well as 
updates the participants provide about their own state of health. For example, if a user is asked to cite measures 
that could be helpful in containing the pandemic, a predefined selection of choices can be adapted with a user-
generated response. This response can be re-evaluated in the following weeks (see Figures 4 and 5). 
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Figure 5.  Weekly question asking users to evaluate their own measures against Covid-19 

Motivation and feedback using gamification tools like progress bars 

Because this research has been conducted as a long-term study with participants actively using an app over a long 
period, we see the need to implement a feedback mechanism related to the given responses over the course of the 
study to maintain motivation. The app therefore integrates an incentive system implemented as circular progress 
bars. Similar to closing circles based on activities done by wearables such as the Apple Watch, each time a user 
fills in a form and sends it back to the server, the specific circular progress bar grows until the circle is closed. As 
a visual mapping for in-situ framing, with weekly and personal questionnaires each having their own progress bar 
and thus their own circle to close, the colors of the circles match those of the forms shown below (see Figure 6). 
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Figure 6.  The circular progress bars show users how much they have already contributed to the study 

PRIVACY PRESERVING DATA OBFUSCATION 

A basic concept underlying Privacy-by-Design principles of this survey is the definition of the roles of those 
taking part in the end-to-end system architecture. Each of these roles is accompanied by various rights and 
obligations. The roles correspond to the participants of the study (or app users), the operators of the survey 
ecosystem (i.e., backend services) or the data analyst who is conducting the survey. We therefore defined the 
following three personas: app user, data host, and data analyst. Based on each role, who creates, reads or 
manipulates data can be defined, as well as with regard to whom the data should be obfuscated (see Table 2). 

Table 2.  Data obfuscation scheme 

App User Data Host Data Analyst 

Personal Data 

Survey responses 

Personal information 

Health state 

Vaccination status 

Create 

Read 

Manipulate 

Obfuscated Read 

Device 
Pseudonym 

Device identifier 

Create 

Read Read Obfuscated 

User Pseudonym 

User identifier Create Obfuscated Read 
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App user (survey participant) 

The app user (survey participant) is entitled to provide personal information such as age, proficiency, income, 
current health state as well as current Covid-19 vaccination status and infection state. Participants are also 
requested to continuously provide survey responses by filling out questionnaires. Health state and vaccination 
status, for instance, are queried on a weekly basis. Once the mobile application has been initially installed, a 
unique user identifier (UserId) and an unequal unique device identifier (DeviceId) is created. Neither of these can 
be manipulated by the participant. Only the DeviceId is visible to the participant. Each time a participant completes 
a questionnaire, the UserId is attached to the response and encrypted within an encryption envelope. The DeviceId 
is openly attached to the envelope and sent as one blob to the data host. Encryption of personal information and 
user identification anonymizes the participant with regard to the data host. The device identifier acts as a 
pseudonym linked to the anonymous data provided to the data host. 

Data host 

The data host is entitled to receive and store anonymized data sent by participants. To successfully and correctly 
aggregate data that is received over multiple weeks by several participants, the DeviceId is used as a pseudonym 
for each participant. This distinguishes the anonymized participants and aggregates and stores their data 
accordingly. The data host can neither read the UserId nor the personal information since these are encrypted 
within the encryption envelope. The pseudonym is further used to comply with deletion requests by participants, 
in accordance with current General Data Protection Regulation (GDPR) requirements. Without the need to gain 
access to personal information, a data host can remove user-related information upon request using the provided 
DeviceId as reference to the data that has to be deleted. 

Data analyst 

The data analyst receives the encrypted responses from the data host excluding the DeviceId. While the data 
analyst is entitled to gain access to the UserId and survey responses within the encrypted data, a one-to-one relation 
between a specific device and captured personal information is impossible. Hence, devices used by the participants 
to send data are obfuscated. The readable UserId, however, will be used as a pseudonym in order to aggregate 
responses to one participant. It should also be mentioned that the data analyst is the holder of the private key that 
is integrated into the app. This ensures integrity since only matching public keys can participate in the survey. 

ASSYMETRIC KEY ENCRYPTION FOR DATA OBFUSCATION 

To achieve the obfuscation of data between all participating system entities as well as to undertake information 
exchange within the framework of perfect forward security (Cremers & Feltz, 2011), the communication 
architecture implements an asymmetric key encryption scheme to protect the highly sensitive data against 
malicious users or attackers (see Figure 7).  

Here the data analyst generates a unique public/private ED25519 keypair which conforms to the EDSA (Edwards 
Digital Signature Algorithm) signature algorithm (Brendel et al., 2021) as a preparatory step. The public key is 
integrated into the app before the survey is started to confirm mutual acceptance between each user and data 
analyst.  

Whenever the user finishes a questionnaire, the answers and the UserID are encrypted within a response package. 
To encrypt the package, the public key – converted into an X25519 key (based on ECDH, or Elliptic Curve Diffie–
Hellman key agreement protocol) – and a session-based ephemeral key are used simultaneously for the encryption 
(Haakegaard & Lang, 2015). Further, the ephemeral key that has previously been used to encrypt the package will 
also be encrypted with the X25519 public key. Because the ephemeral key is generated each time a response has 
to be sent, it serves as a session-based shared secret between app user and data analyst. Both – the encrypted 
ephemeral key and the encrypted response – are then wrapped into an encryption envelope. The envelope and the 
visible DeviceId are sent to the data host which, without having the private key from the data analyst, is unable to 
extract sensitive information. The data is therefore obfuscated. 

5 6 



Restel et al. Detecting Covid-19 situations using Privacy-by-Design 
based MESM 

CoRe Paper – Disaster Public Health and Healthcare Informatics 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

As soon as the data analyst receives the data from the host, the personal private key and the encrypted ephemeral 
key are used in combination to recreate the session key. This key is then used to decrypt the users’ responses and 
the UserID for further processing and analysis. 

Figure 7.  Shared-secret encryption scheme 

STUDY DESIGN AND EVALUATION 

As part of our research project “Psychosocial situation of the population during the corona pandemic” (LaBeCo) 
funded by the Federal Ministry of Education and Research in Germany, the implemented MESM smartphone app 
was used to carry out a long-term MESM study in Germany during Nov 2021 – Jan 2022. A preliminary study 
was also carried out in July 2021. Participants were recruited among students from various universities in and 
around Berlin. The field study was not incentivized, i.e., no money or other forms of compensation were given to 
the participants. Participants took part in the study by downloading the app after following a link (also provided 
as a QR code). Upon first start of the app (onboarding process), the license agreement and user consent needed to 
be accepted, and a tutorial about how to use the app was presented. After that, each participant filled out and 
entered a one-time personal questionnaire to establish a baseline. Each week, a ‘weekly questionnaire’ also had 
to be filled out. In this contribution we will focus on the in-situ surveys that were pushed to the participants three 
times a day. Additionally, surveys were actively triggered by the participants at any time (‘pull survey’), for 
example if a participant missed a push notification by more than 60 minutes, or because the participant wanted to 
report a relevant situation. In total, 243 in-situ surveys were answered by 20 participants (pushed: 95, pulled: 148) 
from 29 November 2021 to 14 January 2022. The average number of days of participation is 7.4, whereas the 
median is 3.5. The min-max distance ranges from 1 to 36 days. Figure 8 shows the dropout rate and number of 
completed in-situ questionnaires averaged over all participants per day. On day 1, 20 respondents started and after 
4 days 50% had dropped out. From day 27 onwards, only one person was still contributing to the survey. In the 
second graph, the average number of in-situ questionnaires filled out is about 1.5 to 2.5 per day, whereas the share 
of pulled questionnaires exceeds those of pushed ones on most days (it should be noted that from day 27, the mean 
is equal to the total number of completed in-situ questionnaires as only one person was still participating). In-situ 
surveys took little time to fill out (1-3 minutes). For most questions, a Likert scale from 1 to 7 needed to be 
answered. Depending on a previous answer, follow-up questions were sometimes asked (‘skip logic’). The in-situ 
survey asked for data about objective context (e.g., “where are you right now?”, “how many (un)known people 
are around you?”, “what percentage of people around you are wearing face masks?”) as well as intra-personal 
affective and cognitive questions (e.g., “The coronavirus worries me right now.”, “Right now, I’m afraid of 
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contracting the coronavirus.”). 

Figure 8.  Dropout rate and number of completed in-situ questionnaires 

General Observations 

In the following remarks we present our general observations from the study, followed by a section that addresses 
those ‘in-situ frames’ that were especially relevant for our research. 

The surveys were answered based on time-triggered notifications (‘push’) within a timeframe of 5 minutes after 
receiving a push notification, as well as participant-triggered surveys at any time (‘pull’). When actively initiating 
a pull survey, participants needed to give a reason for initiating the survey (see Figure 9).  
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Figure 9. Reasons for actively answering a pull survey 

During our analysis of the specific behavioral patterns for risk perception, we also delve into the cognitive and 
emotional dimensions, because “Risk perception cannot be considered without the cognitive and emotional 
dimension; that is, the individual and social assessment of the dangerous object which determines each person’s 
approach to risk” (López-Vázquez & Marván, 2003, p. 62). While the cognitive items asked respondents to give 
a personal rating of the likelihood of contracting Covid-19, the affective item focused on fear and general concerns 
(Krasman et al., 2014; Sjöberg, 2000; Yildirim & Güler, 2020). Therefore, within our MESM approach three 
aspects were addressed in detail: being worried (affective dimension on the general level), being afraid of 
contracting (affective dimension on a personal level), and the perceived likelihood of contracting (cognitive 
dimension on a personal level) the coronavirus. 

The question “The coronavirus worries me right now” is a key one regarding affective risk perception, as it 
identifies the current state of mind of the participant. Whenever a participant answered “5 - Rather true”, “6 - 
True”, or “7 - Completely true”, the current situation was interpreted as ‘Covid-19 induced’, and therefore an ‘in-
situ frame’ is met (see Figure 10). Around 46% of all answers refer to the respondent being in a ‘Covid-19 relevant 
situation’.  

5  



Restel et al. Detecting Covid-19 situations using Privacy-by-Design 
based MESM 

CoRe Paper – Disaster Public Health and Healthcare Informatics 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

Figure 10.  Affective risk perception: worrying about the coronavirus in the current situation 

Complementary to this, participants also answered “Right now I’m afraid of contracting the coronavirus” in the 
given situation (see Figure 11). Despite only 11.5% of all answers showing that participants are afraid of 
contracting the virus, 40% were still generally worried about Covid-19 in that situation (see Figure 10 and 11).  

Figure 11.  Affective risk perception: being afraid of contracting the coronavirus in the current situation 
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Another survey question asked “How likely do you think you are to contract the coronavirus right now?”. To 
answer this, participants needed to actively process (“think about”) that question, thus multiple factors were put 
into consideration other than feelings. As shown in Figure 12, only 5% of the answers indicate a (rather) likely 
chance of an infection.  

 Figure 12.  Cognitive risk perception 

To identify the context of risk perception, participants were also asked about their current location gathered in 
private spaces (at home, in the own car, or visiting family or friends) and public spaces (e.g., outside, public 
transport, hospital, restaurant). As shown in Figure 13, participants were in a private space roughly 73% of the 
time while taking the survey. 

Figure 13.  Current location of the participants 
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Observations on ‘in-situ frames’ 

It is not the aim of this contribution to deep-dive into the psychosocial analysis of the collected survey data itself, 
but rather to evaluate the feasibility of our approach to identifying Covid-19 relevant situations by means of ‘in-
situ frames’. Figure 14 therefore depicts the confidence intervals of participants’ risk perception depending on 
their current location while taking a survey (‘private space’ and ‘public space’). Private spaces are interpreted as 
“safe” places (i.e., much less perceived risk of contracting the virus) than are public spaces (e.g., being in contact 
with unknown people). Cognitive risk perception for private spaces is M = 1.99 (SD = 1.10) of 7 on average on 
the Likert scale in contrast to M = 3.52 (SD = 1.28) for public spaces. Being afraid of contracting the virus shows 
a similar pattern compared to the cognitive component with respect both to private space (M = 2.02, SD = 1.27) 
and to public space (M = 3.58, SD = 1.58). Yet the overall affective feeling of being worried by the virus itself is 
definitively present even for private “safe/secure” spaces; this element of affective risk perception between private 
space (M = 3.40, SD = 1.66) and public space (M = 4.03, SD = 0.38) varies only slightly. 

Being able to measure affective risk perception (as the state of ‘being worried’), even while dwelling in a private 
space, is a good indicator that our approach to MESM is indeed a feasible solution for recognizing and tracking 
the targeted in-situ frames. In contrast to a different approach that would have only triggered a new survey while 
users were moving through or remaining in public spaces, our approach gathered 56% more results by collecting 
surveys in “at home” situations. 

 Figure 14.  Covid-19 relevant situations in public and private spaces 

Personal concern (i.e., the perceived likelihood and fear of being concerned) can be explained by various factors 
such as individual heuristics and mental representations resulting from knowledge about the subject, by 
characteristics of the cognitive and motivational system, and by the social reality in which a person lives (cf. the 
fundamental work of Jungermann & Slovic, 1993 and Slovic et al., 2000). The social level of risk perception, on 
the other hand, is rather an expression of a normative negotiation by different actors of what is considered 
acceptable or unacceptable in a social value system and which, in turn, is perceived as sufficiently relevant with 
respect to limited available cognitive resources (Gerhold, 2011). This effect supports our observation that “being 
worried about” might not be linked to the space a participant is currently occupying (“safe” private space vs 
“unsafe” public space). 
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CHALLENGES AND LIMITATIONS 

The evaluation from the field study shows that our approach of an MESM solution to capture Covid-19 relevant 
situations with in-situ frames produces feasible results, so the proof-of-concept has been provided. Even though 
various challenges had to be addressed, our solution still shows limitations that are discussed in this chapter. 

Challenges 

Due to the dynamic and uncertain nature of the Covid-19 pandemic and its changing effects on people’s 
psychosocial responses, the MESM solution needed to be designed, built, and tested in a short period of time in 
order to start the field study as early as possible, while incorporating new developments such as changes in 
vaccination status, new virus variants, and evolving regulations. Several challenges on the technical, 
methodological, and organizational level had to be overcome. After identifying a methodology governing how to 
identify in-situ frames, the timeframe itself needed to be defined, so that it still is ‘in the situation itself’ (thus ‘in-
situ’) on the one hand, but sufficiently broad so that relevant situations are not missed by the participants. We set 
this timeframe size to 5 minutes and introduced the pull mechanism, so that participants were able to actively 
trigger surveys on demand. 

To reduce technological uncertainties, it was decided to (re)use an existing open source framework – 
‘ResearchKit’ 3– that is only provided for iOS devices, to integrate all types of questionnaires and survey elements 
required to collect data. However, the source code of the framework had to be extended by us to circumvent 
limitations and even some inaccuracies. Finally, to design and implement the highly sophisticated encryption 
system adhering to data safety and data protection regulations by developing a Privacy-by-Design approach was 
a challenging and time-consuming task. We incorporated numerous elements from data minimization, data 
obfuscation, message encryption, channel encryption, and strict separation of concern between the different 
roles/actors present while producing, transmitting, processing, and analyzing the data. 

Limitations 

This section provides an overview of the current limitations of our solution. The current technical implementation 
of the MESM solution has been successfully deployed and used during the field study. Yet it has not reached a 
sufficient level of technical readiness to be termed a product. In designing the study, demographics could not be 
completely taken into consideration since the study was a ‘first approach’. We were limited in (a) the user numbers 
due to our survey only being supported by iOS as a smartphone platform, (b) the locality by only having 
participants in/around Berlin, and (c) mostly participants having an academic background took part. While those 
(deliberate) limitations do not constitute a fully representative socio-demographic, it was a valid approach for 
testing our hypotheses. 

Further, we observed a rising dropout rate after the first week. During the specification step of our methodology, 
multiple features were designed that have not yet been implemented. Our MESM solution currently only supports 
one study at a time and is only available in German. The direct creation and management of studies by non-
technical staff is envisioned, but has not yet been fully put into place. Finally, updates of surveys/questionnaires 
during the course of a long-term study are not yet implemented, for instance to reflect new developments during 
a pandemic but postponed to future work.  

CONCLUSION AND OUTLOOK 

In this paper we presented a Privacy-by-Design based MESM smartphone application used to conduct Covid-19 
research. In detail, we conducted a survey aiming to investigate the psychological effects of the pandemic on 
people in Germany using the MESM application we developed. Our approach shows how users can be equipped 
with a survey app that is sensitive to their daily lives, detects Covid-19 relevant situations, and collects data in a 
privacy preserving way without using location-based services. The created algorithms suggest that it is possible 
to measure affective and cognitive risk perception regarding the Covid-19 pandemic while the surveyed 
participant is in a private space. Using strong privacy preservation and perfect forward security we achieved a 
Privacy-by-Design system architecture without restricting functionality. The findings presented in this paper show 

3 ResearchKit is an open source framework introduced by Apple Inc. (http://researchkit.org) 
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that our method is an innovative way to conduct research into risk perception in the Covid-19 pandemic. 

Our MESM solution is a valuable data provider for situation reports and may help decision-makers 
and crisis management professionals to gain greater understanding of the effects of politics, measures 
and Covid-19-related effects on individuals and their perceptions and behaviors. Regarding the 
presented results it should be mentioned that cognitive and affective risk perception is always highly 
situational. Its salience should always be subject to discussion, especially in research. However, the 
results conducted by our MESM tool can be viewed at least as a significant extension to other data 
such as retrospectively collected survey data on larger populations. People do not perceive a high 
risk of contracting an infection or are more afraid in general. Perception itself and fear generally 
depend on rather specific situations. These situations can be detected, analyzed for alternative 
reactions, and used for improved crisis management.  

The presented solution further represents a proof-of-concept for the proposed methodology for 
conducting MESM-based psychosocial studies incorporating in-situ frames. However, the 
implemented smartphone app is currently limited to the iOS platform and only supports one survey 
at a time. As a future task, we intend to enhance our solution to make it a more scalable approach. 
This includes extending the solution to the Android platform and introducing multiple languages. We 
further aim to make the survey more dynamic by making it possible to update, change or introduce 
new questions within the survey at runtime. This will enable data analysts to adapt the content and 
react to changes in the real world without an update cycle of the app needing to be performed. The 
modularity of our system architecture enables our solution to be seamlessly integrated into existing 
widely used apps in the field of public safety (e.g., so that it can be integrated into an official Covid-
19 app or public warning app) to expand the range of potential users further. Also, supporting 
multiple studies at a time are planned that are being created and managed by researchers on their 
own (instead of technical experts). Finally, in future projects we plan to extend the MESM 
methodology and app itself to psychosocial studies and public safety studies other than those that are 
exclusively related to the Covid-19 pandemic. Those studies could include analyzing long-running 
and enduring crises as well as comparative studies undertaken across multiple cultures, countries, 
and languages. 

In summary, the Privacy-by-Design based MESM survey represents a valuable tool for creating a psychosocial 
situation picture of the population within a pandemic. It can be expected that a knowledge base created by our 
tool may help decision-makers in crisis management by leading them to a more detailed understanding of various 
situations in the public realm as well as bolstering their strategic decisions. 
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ABSTRACT 

Several nations have signaled their intent to phase out petroleum-based engines for passenger vehicles and 
promote a transition to battery electric vehicles (BEVs). While researchers have established the long-term 
environmental benefits of BEVs, there are critical considerations for policymakers in areas prone to natural 
disasters. This research intends to develop a geospatial-based model to explore and simulate the evacuation of 
BEVs during a disaster. This work-in-progress (WiPe) paper examines the variables essential to creating an 
effective hurricane simulation. The final simulation model is intended to allow for the evaluation of BEV policy 
options under a variety of scenarios. We describe the considerations made during the development of this 
geospatial agent-based simulation under various hurricane parameters. Finally, we mention the expected benefits 
of our work and hint at possible policy directions. 

Keywords 

Battery Electric Vehicles, Government Policy, Hurricane Evacuation, Geospatial Agent-Based Simulation. 

INTRODUCTION 

Governments are increasingly moving toward phasing out sales or registration for new passenger vehicles with 
petroleum-based combustion engines. For example, Norway established a phaseout goal of 2025, while Iceland, 
Slovenia, Sweden, Ireland, Netherlands, and Slovenia plan to achieve their phaseout goals by 2030 (Wappelhorst, 
2021). Other nations will likely implement similar phaseout goals. The transition to battery electric vehicles 
(BEVs) from passenger vehicles with petroleum-based engines is primarily prompted by established links between 
carbon dioxide emissions and climate change (Meyer et al., 2007; Nickischer, 2020). Simultaneously, the 
availability of a variety of affordable BEVs reduced consumer skepticism toward electric vehicles (Higueras-
Castillo, 2021). While BEVs provide environmental benefits, they significantly alter the vehicle ownership 
experience. For instance, instead of fueling your car at a fuel pump (petrol station), many owners ‘fuel’ their BEVs 
by charging them overnight at home. Therefore, many vehicles may already be fully charged during an evacuation 
order. However, once on the road, some of these advantages may disappear. While traditional fuel could be 
pumped or simply poured into a vehicle’s fuel tank in a matter of minutes, fully charging an electric vehicle can 
take from over 30 minutes to several days (depending on the charging infrastructure). Carbon-based fuels (e.g., 
diesel and gasoline) can also be more easily stored and transported. Finally, carbon-fueled vehicles tend to cover 
longer distances between re-fueling compared to the distances covered by BEVs between recharges. These 
“benefits” of petroleum-based vehicles are advantageous when evacuating natural disasters such as hurricanes, 
flooding, and wildfires. However, such perceived benefits may erode once BEVs become ubiquitous. 
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Barrett (2000) described when Hurricane Andrew struck Florida’s Dade County in 1992. Hurricane Andrew 
directly impacted about 350,000 people, however, it would have been far more catastrophic and impacted over 
1.6 million people had it arrived just a few miles further north. While hurricane frequencies increase and decrease 
over decades, the United States can expect two catastrophic hurricanes (with significant damage and loss of life) 
every three years (Barrett, 2000). Municipalities may issue evacuation notices when meteorologists predict 
weather patterns that lead to loss of life or other significant infrastructure damage. Indeed, a hurricane’s direct 
impact on highly-populated areas will have devastating results. Issuing a late hurricane warnings along with a 
mismanaged evacuation efforts may cause a substantial loss of life with vehicles exposed on gridlocked roadways 
(Barrett, 2000). Such evacuations result in a massive outflow of people from the affected areas that may already 
suffer from challenges related to roadway configurations and fuel infrastructure. However, little research has been 
done to guide policymakers in response to these events under increasing electric vehicle adoption. Therefore, we 
plan to distill the effects of the BEV transition on large-scale disaster evacuations. More specifically, we are 
guided by the following research question: What is the most effective approach to ensuring effective and efficient 
disaster evacuation using BEVs (RQ1)? In subsequent sections, we provide a brief evaluation of other simulations 
of BEV evacuations, define the geographical area being utilized in this study, and describe our research 
methodology. A description of essential simulation variables follows those sections. Finally, we discuss the 
potential implications of our findings. Our intent is to create a universal model that allows policymakers to 
examine the impact of policy decisions using past data to simulate future scenarios.    

LITERATURE REVIEW 

In reviewing the existing research on emergency evacuations, only three studies appear to consider the specific 
impact of BEVs and their requirements. Feng et al. (2020) investigated the evacuation of Florida, specifically 
during Hurricane Irma (2017), with a focus on the percentage of vehicles that could be BEVs before the electrical 
power system would fail. They concluded that the power system would still be functional with up to 45% of the 
evacuating vehicles as BEVs. A suggestion from that research is for the government to invest in grid capacity 
strategically. Alternatively, longer-lasting batteries would need to be developed to support a higher percentage of 
BEVs. McDonald et al. (2021) considered the effects of BEVs on the pre-departure stage of an evacuation. In 
their research, a short-notice evacuation was hypothetically required due to a forest fire in Prince George, British 
Columbia. McDonald et al. found an insufficient charging capacity to service all BEVs prior to departure, with 
additional charging stations, earlier evacuation notices, and fast-charging Level 3 chargers needed to provide a 
reliable solution. Adderley et al. (2018) provided the most comprehensive estimation of the effect of increased 
use of BEVs during a hurricane-triggered evacuation. Their case study focused on the effects of a hypothetical 
hurricane hitting Key West, Florida. Their analysis assumed 10% of the population evacuated with BEVs utilizing 
a standardized vehicle type to determine charging rate and number of chargers needed to support their evacuation. 
Based on their findings, they advocated for an increased number of chargers, the use of fast-charging Level 3 
chargers, and the standardization of charging connectors across all BEVs. They also show concern about the 
ability of the grid to handle the increased demands during an evacuation, pointing out that most electric demand 
for BEVs in non-emergency situations is at night when demand is lower. 

No study to date has done an evaluation that considers the spatial placement and utilization of BEVs or a 
geospatially-placed support network to allow them to withdraw effectively during an emergency evacuation. This 
study intends to create a more realistic rendition of an evacuation to evaluate policy levers needed create a more 
effective and efficient evacuation under the increasing adoption of BEVs. 

AREA OF STUDY

Our study area is the Mobile-Daphne-Fairhope combined statistical area, representing a metropolitan region of 
coastal Alabama located in the southern United States. Our choice of this area was to find a reasonably complex 
location with multiple possible evacuation routes that contemplates or executes evacuations with reasonable 
regularity. This area is also inhabited by a cross-section of individuals with relevant and measurable 
characteristics, yet whose evacuation routes have a structure that provides some simplification. We believe that 
our choice of study area provides sufficient sophistication to foster a generalizable disaster model, at least with 
regards to hurricanes. Thus, our intent with this research is not to focus solely on the Mobile-Daphne-Fairhope 
combined statistic area, but to create a model that can be adjusted for various population characteristics and 
transportation networks, with the hope that the attributes of the location and scenario will allow extension to other 
disasters.  

The Mobile-Daphne-Fairhope statistical area has a population of over 650,000 people spread over two counties. 
Due to this area’s elevation and location directly on the Gulf of Mexico, the National Hurricane Center considers 
Mobile a very high hurricane risk zone. Not surprisingly, meteorologists have recorded over 60 hurricanes, 
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subtropical cyclones, and subtropical storms in the Mobile area. Mobile and Baldwin1, the counties in our study 
area, have dedicated hurricane evacuation routes and procedures. Specifically, Mobile has three distinct highway 
routes that Mobile County Emergency Management identifies. These routes emanate from Mobile city proper and 
lead north. There are also a small number of secondary routes that provide some relief to the congestion along the 
primary routes. Other major highways that emanate from Mobile lead directly to the east and west, and would be 
unlikely options for households looking to evacuate. To simulate a large-scale evacuation, our study design will 
collect public data, geospatial features, and past hurricane evacuation data. Furthermore, we focus on the primary 
evacuation routes identified and utilized in prior evacuations, with some vehicles traversing secondary routes. 
While some researchers have attempted to simulate large-scale evacuations (e.g., Edara et al., 2010), most focus 
on local perspectives. 

METHODOLOGY

The simulation will be developed using Python. Moreover, we plan to utilize well-established packages designed 
for agent-based simulations. An agent-based simulation simulates the actions and interactions of autonomous 
objects that self-direct within an artificial environment. The agent level will be defined as a collective from an 
individual household. Our approach to building this complex simulation will be to create a model in stages 
consistent with models that have previously been built. Data from prior evacuations from the Mobile area has 
been obtained, including traffic patterns, and will be used to validate the model under existing conditions. Upon 
validation, additional factors will be brought in to be evaluated to ensure that results remain consistent with 
historical evacuations and models. Ultimately, upon completion and validation, our final model will be used to 
create and evaluate the effect of various parameter settings and policy decisions on the efficiency and effectiveness 
of an evacuation of BEVs and other vehicles due to a hurricane. 

SIMULATION VARIABLES 

We plan to work with a number of variables to develop a realistic simulation, defining our simulation variables 
into five primary variable themes: vehicles, infrastructure, hurricane attributes, demographics, and policy. Our 
simulation will focus on those variables that provide an effect of magnitude on the simulation rather than those 
that are simply statistically significant. In their meta-analysis, Tanim et al. (2022) identify 25 viable predictors of 
evacuation decisions. Based on the findings of the studies cited by Tanim et al., we intend to incorporate spatial 
analysis to create a model that accounts for increased usage of BEVs in the future and their need for location-
based support. We will elucidate these variables in greater detail next. 

Unit Base for Simulation 

The unit on which our study will be based is a collective from an individual household. This does not imply that 
all members of a household will evacuate together, nor does it necessitate that they evacuate separately. It is 
entirely plausible that multiple vehicles will be used in the evacuation of one household (mainly to preserve 
property). These vehicles may consist of some combination of BEVs and petroleum-powered vehicles. Although 
multiple vehicles will likely travel together in such a case, the individual vehicles must be accounted for when 
simulating the effect of different policies and parameters on evacuation performance. 

Vehicle Variables 

BEV State-of-Charge 

Many BEV owners charge their vehicles overnight using a Level 2 charger. Therefore, assuming no power 
disruptions and morning evacuation orders, most BEVs would be fully charged. However, this would not be the 
case for BEV owners who reside in multi-family buildings that may not have any chargers. It is also possible that 
evacuation orders occur after power loss and that some vehicles would have diminished charges. This may suggest 
pre-evacuation orders for BEV owners to maintain fully charged vehicles. 

1 Baldwin County Evacuation Zones: https://baldwincountyal.gov/departments/emergency-management-
agency/ema-evacuation/evacuation-zones; Mobile Country Evacuation Zones: 
https://www.mcema.net/evacuation/evacuation-zones 
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BEV Battery Capacity 

As battery density improves and manufacturing costs are reduced, it is expected that overall battery capacity will 
increase. The battery capacity ranges in the ten most popular electric vehicles in 2021 (U.S. Market) ranged from 
38.3 kWh to 95 kWh. The Mini Cooper SE battery capacity is only 28.9 kWh, while some upcoming BEVs claim 
200 kWh (Stafford, 2022). Battery capacity is essential for determining the power demand of each vehicle. It is 
important to note that the capacity is reduced as batteries age. 

BEV Driving Range 

While batteries influence the driving range, other factors are also at play, including the efficiency of the vehicle 
determined by the weight, aerodynamics, and power output of the engine(s). Most BEVs travel between 100 to 
300 miles on a charge. However, such ranges do not consider vehicle load. In evacuation scenarios, such loads 
are likely to be above what the vehicle manufacturers considered in their range determinations. 

Table 1. Sample BEV Data (U.S. Market) 

BEV Battery Capacity Range Charge Times 

2022 Tesla Model Y 75 kWh 303-330 mi 110V 33h 
220V 7h 

DCFC 
20min 

2022 Tesla Model 3 50-82 kWh 272-358 mi 110V 33h 
220V 7h 

DCFC 
30min 

2022 Chevrolet Bolt 65 kWh 102 mi 110V 55h 
220V 7.5h 

DCFC 
1h 

2022 Ford Mustang Mach-E 91 kWh 305 mi 110V 95h 
220V 15h 

DCFC 
45m 

2021 Volkswagen ID.4 82 kWh 240-260 mi 110V 36h 
220V 8h 

DCFC 
30m 

2022 Nissan Leaf 62 kWh 239 mi 110V 27h 
220V 10h 

DCFC 
30m 

2022 Audi e-tron 95 kWh 249 mi 110V 42h 
220V 9h 

DCFC 
30m 

2021 Hyundai Kona 39-64 kWh 258 mi 110V 9h 
220V 1.5h 

DCFC 
40m 

2021 Porsche Taycan 79.2 kWh 254 mi 110V 35h 
220V 7h 

DCFC 
20m 

2022 Hyundai Ioniq 38.3 kWh 193 mi 110V 17h 
220V 6h 

DCFC 
30m 

Note(s): 
1) DCFC = DC Fast Charge capable of 150kW, all times approximate
2) 220V assumes 22kW, all times approximate
3) Range reported using WLTP cycle.
4) All data per PodPoint & ChargedFuture.

Infrastructure Variables 

Charger Type/Charging Speeds 

As shown in Table 1, fully charging an electric vehicle can take from 20 minutes to several days based on the 
vehicle and the charging infrastructure. In the United States, three predominant charging levels exist. These 
include AC Level 1, AC Level 2, and DC Fast Charge. AC Level 1 uses standard household 120V single-phase 
outlets. The charge loads range from 1.4 kW to 1.9 kW. Some households and many public chargers are AC Level 
2 chargers. These provide 2.5 to 19.2 kW. Both AC Level 1 and AC Level 2 charge at a continuous rate (Pleško 
& Sullivan, 2021). Finally, DC Fast Charge equipment can provide up to 350 kW charging, with 50 kW being 
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typical. DC Fast Charge equipment does not charge at a continuous rate but at a variable rate that decreases charge 
rate as the battery reaches capacity. A complicating issue with charger types is the inability of some legacy BEVs 
to accept connections to specific chargers. 

Charger Availability/Location 

It is essential to clarify the differences between DC Fast Charge chargers, stations, and networks. The difference 
between chargers and stations is akin to the pumps and stations of the gasoline era. Unfortunately, many 
publications confound these two concepts.  

While DC Fast Charge chargers may be nearly identical, most operate on incompatible charging networks. In 
some cases, the physical plugs are incompatible. Even in public stations, most require some form of membership 
and app-based payment. Some vehicles have plug-and-pay capability that does not require human interaction other 
than physically plugging in the car. Other networks require a combination of app-based and charger-based 
interactions to facilitate payment. While the ideal positioning of chargers and stations along the evacuation route 
is a primary focus of this study, it does not preclude locating stations at primary entrance points to the evacuation 
route. It is plausible that pre-charging low-charge BEVs prior to joining a primary evacuation route may benefit 
the overall evacuation. 

Charger Wait Times/Station Queueing 

Much like passenger cars with internal combustion engines may form queues and wait for fuel pumps, drivers of 
BEVs will encounter similar situations. However, as the charging speeds vary drastically between vehicles and 
the charging infrastructure, wait times will be considerably longer and less predictable. It is essential to recognize 
that older vehicles may take considerably longer to charge than newer vehicles, even on modern equipment; 
therefore, a single vehicle with a shorter range could prevent several other vehicles from charging. 

Policies to address congestion at charging stations include the design and implementation of queueing systems 
that optimize the overall flow at a charging station while considering the charging characteristics of individual 
vehicles. Given the type and number of chargers at a charging station, policies could be implemented on the 
optimal disconnect level for charged batteries. Some BEVs allow may for this to be automated, while some legacy 
BEVs would require compliance by the individual. 

Of course, a preliminary determination of charger wait times and station queueing is the number of chargers placed 
at each station. This can vary by station, along with the types of chargers. This variance may even affect the choice 
and number of queueing systems at stations. 

Grid Stability 

The stability of the electrical grid is examined in previous research involving the effect of BEVs during an 
evacuation (Feng et al., 2020). McDonald et al. (2021) highlight the necessity of a functioning grid to support the 
need for additional chargers to support BEVs in an evacuation. Adderley et al. (2018) mention their concern for 
grid overload as BEVs may overburden an electrical grid during an evacuation. A common thread among concerns 
for the grid is the tendency to build it to support peak use during normal times. In the case of a hurricane, not only 
will demand be heightened during the pre-landfall evacuation as an increased number of BEVs are utilized to 
withdraw from the region, but the grid will also be affected post-landfall due to hurricane damage. This latter 
point suggests policymakers consider the difficulties posed by a returning population traveling in BEVs. 
Regardless of grid demands, there will likely be the need to extend the grid to support chargers along evacuation 
routes. This requirement may become particularly acute as more Level 3 fast-chargers are utilized. A critical 
understanding from our simulation will be the total electrical demand under a simulated hurricane evacuation 
during the increasing adoption of BEVs. 

Hurricane Attribute Variables 

Hurricane Path/Intensity/Timing 

The main driver of all evacuations is the actual destructive event. In the case of hurricanes, extensive research and 
history have provided scientists with good predictive ability on the expected storm severity, size, speed, and 
location (Alley et al., 2019). That has led to a more advanced understanding of areas that are likely to be impacted 
and the timing of the impact. The dissemination of this information to the public has also led to more self-diagnosis 
of whether an evacuation is warranted. The distribution of historical evacuation timing may be altered as collective 
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groups make these decisions more independent of governmental authorities. Besides the impact on public 
decisions to evacuate, the actual values for hurricane wind speed, storm size, and storm surge can affect decisions 
by authorities to evacuate. The speed of the storm and direction of the storm relative to the location can also 
change evacuation orders. Parameters taking these factors into account all affect the support needed to evacuate 
BEVs from the affected zones. 

Temperatures 

Two types of temperature impact charging speed. Cold batteries will reduce charge speeds until they have warmed 
sufficiently. Furthermore, charging speed is impacted by ambient temperature2. While we do not expect hurricane 
conditions to occur in frigid temperatures, other disaster scenarios (e.g., flooding) may occur in conditions that 
impact battery efficiency and charging speeds. 

Demographic Variables 

BEV Market Saturation 

The transition to BEVs will occur at different rates depending on consumer perceptions, supply constraints, 
incentives, and other policy decisions. Even if the sale or registration of passenger vehicles with internal 
combustion engines is eliminated, such vehicles may continue to dominate roads for several years. Autotrader (a 
used car retailer in the United States) estimates that automobiles remain on the road for up to 12 years. However, 
knowing that a government has adopted a phaseout may inspire individuals to rapidly move toward BEVs. For 
instance, in Norway (where the sale of combustion vehicles is expected to end in 2025) the new registration for 
BEVs had already reached 70.1% by October 2021. 

Another consideration is the decision on whether to utilize a BEV during an evacuation. While market saturation 
may limit options going forward, most collectives will primarily choose the vehicle that is the most reliable and 
provides the greatest potential to complete an evacuation, the vehicle that is the newest or most valuable, or the 
vehicle with the highest capacity to move possessions. It is also likely that the effectiveness of the decisions and 
policies on the number and placement of BEV chargers and stations may directly affect the likelihood to utilize a 
BEV during an evacuation. In the shorter term, a determination will need to be made on how collectives will 
choose their evacuation vehicle or vehicles in the situation where more than one vehicle is available. 

Residence Effects/Hurricane-resistance 

Several residence-related factors need to be evaluated regarding their effect on evacuation behavior. From a 
location standpoint, the propensity of an area to flood due to rain or storm surges will no doubt propel households 
to move out. This propensity may be modeled based on proximity to the coast, flood zones, and elevation. While 
some locations may also be more prone to wind damage, the relative random effect of wind may make this effect 
difficult to model. 

A structure’s storm resistance is known to play a role in whether a household evacuates. For example, households 
in structures that have been strengthened to resist hurricanes (usually at substantial cost) are more likely to remain 
in place. In contrast, dwellers in mobile houses are more likely to evacuate. Interestingly, the nature of the 
household structure is confounded with and supersedes income-level in determining evacuation behavior 
(Whitehead, et al., 2001). In the form of sandbags, plywood over windows, and generators, some temporary storm 
resistance may also encourage households to remain in place rather than evacuate. Finally, the ownership of a 
residence may play a role as ownership may encourage the desire to remain and protect property. 

Psychological/Demographic Factors of Evacuation Behavior 

Studies have shown the connection of demographic factors with evacuation behavior, including an effect of 
gender, specific age groups, race, and marital status (Bateman & Edwards, 2002; Horney et al. 2012). It has 
additionally been postulated that the education, household mobility, and presence of children, disabled, or elderly 
may affect the evacuation decision. Pet ownership can also lead collectives to limit their evacuations due to the 
inability to house pets in an emergency or temporary shelters (Whitehead et al., 2000). 

Previous experience, and the closely related factor of the longevity of residence in an area affected by hurricanes, 
are likely to alter the evacuation decision. Households with longer and likely more robust connections to a location 

2 See https://www.chargepoint.com/blog/how-dc-fast-charging-really-works-and-intro-charging-curves 
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will also be more likely to have friends or family that are regional but outside the evacuation zone. This would 
affect the evacuation decision and timing and may affect a household’s provisional or permanent destination. 
While prior experience provides a perspective on whether an evacuation is executed, it is likely that a household’s 
risk orientation plays a role in the decision. So called “shadow evacuees” are individuals that are risk-averse and 
will evacuate despite not living in an evacuation zone. 

Policy Variables 

Governmental Response and Timing/Evacuation Zones 

The role of government and related authorities in the triggering, degree, and scope of an evacuation is paramount. 
In terms of simulation parameters, their role is focused on the timing of the evacuation announcement, the 
determination of whether the evacuation is mandatory or voluntary, and the geographic regions to which the 
evacuation applies. The timing of the evacuation is mainly a determinant of the window that is provided before 
the hurricane makes landfall. However, it has been shown that the time of day at which the evacuation order is 
given also has an effect (Pham, et al., 2020). The impact on BEV owners can be more substantial as evacuation 
orders that start at the beginning of the day will likely provide BEV drivers with the maximum charge in their 
vehicle. 

On the contrary, evacuation orders in the middle or end of the day mean that many BEV drivers have utilized part 
of their battery charge without the chance to refresh it using their home charger. An early evacuation order can 
also provide a longer evacuation window. A longer window allows a household to prepare their BEV and achieve 
maximum charge prior to departure. 

Authorities also determine which geographic regions are to be evacuated. This ability can be utilized to create 
staged evacuations to alleviate congestion and competition for electric and petroleum energy. Additionally, the 
decision to not declare certain areas for evacuation allows evacuated inhabitants to choose to remain local. This 
can reduce the demand for energy if these evacuations hold but can also cause subsequent evacuations to be more 
demanding if the zones are expanded. It is also possible that these non-evacuated regions will subsequently lose 
power and contribute to evacuation demand for BEV charging.  

Evacuation Routes/Destination 

The route selected is highly dependent on the destination chosen by the evacuee. Some percentage of the 
population will travel to local destinations, perhaps even in the evacuation area, deemed to be of lower risk. Barrett 
et al. (2000) identify other options for evacuees as the nearest safe destination, the safe destination that incurs the 
least travel time, and the safe destination that requires the least cost. Authorities can also direct evacuees to a 
defined evacuation point, considering the likelihood of encountering damage or route restrictions along the way.  

Other sources of evacuation direction could include external guidance sources like Google Maps, Waze, and Apple 
Maps. Ironically, congestion along evacuation routes may cause in-vehicle navigation systems to direct traffic to 
non-evacuation routes. Complicating things, Edelman et al. (1980) found that individuals in other situations often 
resort to familiar routes when faced with an evacuation. Additionally, some navigation systems built into BEVs 
will suggest routes with pre-established chargers and stations known by their manufacturer.  

Furthermore, households may choose evacuation routes based on their preference of destination, which may be 
based on perceived housing availability and costs, and with the availability of emergency services at the 
destination. Perhaps the easiest determiner of an evacuation route is simply the proximity of the route to the 
residence or starting point of the evacuation for that household. Given the inability to estimate some of the effects 
of the other factors, it provides a solid basis for initial simulations. 

Regardless of the route chosen, the macro effect will be additional vehicles on the roads, leading to increased 
congestion. This congestion can affect the rate at which BEVs discharge their battery resulting in a confounding 
effect in a simulation. To develop our model, we collected traffic data during past hurricanes3. We are modeling 
flood maps, demographic data, and vehicle ownership to create a baseline. 

POTENTIAL POLICY RECOMMENDATIONS 

Our investigation will simulate various policy recommendations to determine the optimal policy mix. We 

3 For instance, real-time traffic data can be sourced from: https://aldotgis.dot.state.al.us/TDMPublic/ 
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highlight three potential policy areas. 

Charging Infrastructure 

Due to the benefits of overnight charging, we expect our simulation to reveal a benefit to coastal communities that 
implement mandatory charging infrastructure for all new single and multi-family construction projects. Similarly, 
we expect that eliminating proprietary connectors will improve evacuation rates. Such policy recommendations 
are consistent with the work of Adderly et al. (2018). 

Mobile Charging 

The Interim Report for the Florida Electric Vehicle Roadmap (2020) suggests that mobile chargers may be an 
available solution to support evacuations. Agencies could deploy such chargers along evacuation routes. 
Therefore, we will simulate various deployment options, such as in large parking lots or directly on the evacuation 
route. Additionally, we plan to investigate the optimal mobile charging infrastructure mix. For example, we may 
find that there are a variety of optimizations available to policymakers. 

Vehicle Specifications 

There are currently a wide variety of BEVs on the road today. Some feature two-way charging, some feature 
proprietary connectors, some have substantial battery capacity, and others have efficient charging curves. Policies 
for vehicle specifications in coastal areas could help ensure that most vehicles in hurricane evacuation zones 
support optimal evacuation.  

CONCLUSION 

As societies transition away from fossil fuels and embrace electric mobility, it is important to reevaluate and plan 
for disaster implications related to their presence. Our WiPe study intends to develop a sophisticated geospatial 
agent-based simulation of hurricane evacuations in an era of electric mobility. We highlight numerous variables 
that must be considered and are not traditionally part of disaster evacuation simulation models. Our next steps are 
to complete the model development and validate our model with ground data collected during past (and future) 
disasters (e.g., traffic sensors, social media reports, charger wait times). We hope that our final model will allow 
policymakers to develop creative solutions and avoid common one-size-fits-all solutions to complex problems 
that impact human lives. 
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ABSTRACT

Following a natural disaster or other large-scale events which require emergency response assessing and monitoring
the situation at hand is of critical importance. However, some infrastructure that is often relied upon such as cellular
service or the power grid might be temporarily disrupted or entirely unavailable. In order to be able to still transmit
relevant monitoring data gathered from sensors, the use of a low-cost LPWAN with LoRa modulation technique
is suggested in the approach presented here. Combined with an analysis of disaster response in Germany the
relevant aspects are consolidated in a concept utilizing LoRaWAN with a ChirpStack backend that is easy to set up
and entirely independent of external infrastructure. The proposed addition which aims to support disaster control
management in Germany is then tested in conjunction with a fictional flooding scenario where an area is monitored
with autarkic sensors using LoRaWAN technology.

Keywords

LoRa, LPWAN, disaster response, sensor technology, monitoring

INTRODUCTION

Natural disasters, extreme weather events and the accompanying hazards such as destruction of nature as well as
infrastructure and even threats to human life pose a great challenge in the near future. As climate change and
other environmental phenomena will increase the number and intensity of such incidents an adequate emergency
response will be of the utmost importance. Here, the organizations and persons in charge rely on a large amount of
information from various sources to be able to correctly assess the situation and make well-founded decisions to the
best of their knowledge. Therefore, in addition to using advanced operational equipment which undergoes repeating
testing and modernization cycles, utilizing modern technologies has become one of the key aspects of successful
disaster preparedness and prevention as well as emergency response. Part of that are options for grasping the initial
or current state followed by continuous monitoring: Only through a comprehensive evaluation of the situation is it
possible to make the correct decisions in extreme conditions and under immense pressure overcoming the various
challenges presenting themselves.

In the summer of 2021, the German region surrounding the river Ahr in the states of Rhineland-Palatinate and North
Rhine-Westphalia was subject of a catastrophic flooding event, the biggest in Germany’s recent history costing well
over a hundred lives and causing substantial damage to buildings and other infrastructure (Schäfer et al. 2021). After
major disruptions of the power grid and cellular services, it took several weeks to provisionally restore them (BBK
2021). With the rebuild of the Ahr Valley still ongoing it is not the only case study that emphasizes the critical
need for information, but also the difficulty in sorting and managing all available data to allow for an appropriately
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measured and well-coordinated emergency response. In federal systems this may be exacerbated when the disaster
region spans a large area and affects two or more states. Furthermore, especially in rural areas additional problems
like lacking cellular service coverage may be encountered. In combination with sparsely populated regions other
new approaches such as scraping social media posts for relevant information tend to fall short of their potential.

For that reason, technological advancements in other areas have also gained traction as suitable tools for emergency
forces. In the event of complete breakdowns of cellular service or even the power grid for example a way
to independently transmit sensor data via radio transmissions could provide a significant upside when paired
with established procedures. For this purpose, the use of a Low-Power Wide Area Network (LPWAN) utilizing
Long-Range (LoRa) modulation technique is analyzed and presented as a possible way to support decision makers
during large scale disasters. Related approaches use LoRa-based networks for direct communication (Höchst et al.
2020; Macaraeg et al. 2020), for assistance during emergency response efforts like firefighting (Sendra et al. 2020;
Tayeh et al. 2021) as well as dynamic setups aided by UAVs (Pan et al. 2021; Stellin et al. 2020) and will be
discussed in more detail below. The concept proposed in this work focuses on a combination of these advantageous
characteristics using an independent network suitable for emergency response protocols and procedures in Germany.
As such, a Long-Range Wide Area Network (LoRaWAN) can be used to monitor vast areas following a relatively
short and simple setup of gateways and sensors. The necessary steps can be integrated into existing workflows in
order to not impede crisis response. The approach is highly flexible and can be adjusted depending on the situation
at hand. For example, in case of a flooding event, sensors to monitor water level and moisture can be distributed
while erecting sandbag barriers or while searching for missing people. Afterwards, these sensors can communicate
with gateways mounted on emergency vehicles allowing coverage of an area that previously could not be monitored
and even persevering in the case of a power outage or telecommunications breakdown. Additionally, all data can be
pre-processed by algorithms to reduce the amount of information that human actors have to handle. Instead, they
may focus on delegating emergency forces and other measures relevant to disaster control management. This paper
outlines such an approach using LoRaWAN technology and provides an example for a possible monitoring setup
during an exemplary disaster response scenario.

BACKGROUND AND RELATED WORK

Disaster response in Germany

The Basic Law for the Federal Republic of Germany stipulates how responsibility in case of such emergencies is
distributed between the federal government and the 16 federal states. While this covers most aspects of disaster
control from a legislative perspective, the main takeaway is that the competences and powers initially lie with
the states. They have established authorities at several levels ranging from administrative districts and the cities
to regional administrative levels and all the way up to the ministries at state level (Fritzen 2010). Furthermore,
in order to facilitate cooperation between states the ministers of the interior meet regularly to ensure ongoing
exchange and prevent divergent legislation. This is supposed to enable trouble-free collaboration for decision
makers and emergency forces alike and leads to generally similar disaster protection laws. Using the example
of Hesse, the Hessian Fire and Disaster Control Act (HBKG1 2014) defines the scope of events that constitute a
disaster, distinguishes the levels of disaster control authorities and covers aspects such as (voluntary) fire brigades,
medical and rescue services as well as further help on the federal level. Here, the Technical Relief Agency (THW2)
can assist with both personnel and equipment, especially during large-scale disaster response and relief efforts. For
extreme cases such as the flooding in the Ahr Valley mentioned in the previous section, the German Federal Armed
Forces might also be called upon.

Additionally, the HBKG regulates the proceedings during such an event: in most cases it will start as a regular
emergency response operation and depending on scale and complexity the relevant authority can declare the
necessity of a disaster operation as well as escalating responsibilities to a higher authority (§34, §35 HBKG). In
Hesse, once this stage has been reached, a central disaster control management is established. Using the concept of
staff work, leaders and subgroups are assigned administrative and organizational tasks or operational and tactical
tasks such as hazardous substance monitoring, technical operations management as well as an information and
communication center depending on what the situation requires (§29 HBKG). Members of a certain staff cover
specific areas such as personnel, situation, deployment, supply or other (optional) tasks and report to the head of
staff (FwDV 100 2009). In order to achieve an adequate disaster control management, all municipal, administrative
district and state offices are required to assist if requested (§28 HBKG). This of course means that a large amount of
information converges in the command center and has to be processed by the respective staff members, so that
appropriate decisions can be made. This further emphasizes situation assessment and monitoring as a critical

1 German: "Hessisches Brand- und Katastrophenschutzgesetz"
2 German: "Technisches Hilfeswerk"
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aspect of successful disaster control management. On top of proven workflows such as relaying information
from emergency forces certain monitoring systems can be used to survey the environment and its developments.
Such systems are however not always readily available and thus only partially present in the work of emergency
responders. The THW for example has a mobile monitoring unit to measure water levels and pump volumes, it is
however partially reliant on cellular service, requires a rather extensive setup and takes up significant personnel time
(THW 2008). Other systems currently designated for use in disaster scenarios similarly tend to rely on expensive
equipment, demand specific training, are time-consuming to set up, have limited coverage or transmission range or
flat out do not work in areas with no cellular service or power grid connection. As such, autarkic sensors whose data
can be reliably transmitted under difficult conditions seem like a promising approach to support disaster response
efforts. This means that a given sensor node is entirely independent of existing infrastructure which is achieved
through the use of batteries and the LoRa transmission capabilities and will be described further in the sections
regarding concept and hardware setup. In addition, an independent network infrastructure is utilized with the basic
principles of the corresponding technology stack being covered in the next section.

Gathering sensor data using LPWAN

Various radio technologies could be used to transmit monitoring data, which can have different advantages and
disadvantages depending on their physical and network implementation. In domestic areas, mainly Wireless LAN
(Wi-Fi) and Bluetooth (often: Bluetooth Low Energy, BLE) are used. These are however not suitable for monitoring
for emergency forces in outdoor areas, especially due to the high data rate and the associated power consumption as
well as the comparatively low range. In addition to these technologies, there is also cellular radio which can transmit
data at high rates if the required infrastructure is available and functional. However, the power consumption is
accordingly high and there is an existential dependence on a network operator and cell tower coverage. In contrast
to this are the so-called LPWANs mentioned above that are characterized mainly by low power consumption and
high range while sacrificing bandwidth as shown in Figure 1. LoRaWAN is known as one of the most widespread
and adopted implementations of a LPWAN (Adelantado et al. 2017) and was thereby selected as part of the concept
outlined below.
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Figure 1. Comparing LPWAN, Wi-Fi, BLE and Cellular technologies according to (Semtech 2021)

The term LoRaWAN specifies the medium access control (MAC) layer and the backend infrastructure of the selected
technology. LoRa, the physical layer used in this technology stack, was developed by Cycleo SAS, a French company
acquired by Semtech in 2012, and enables low-power operation and long-range communication (Adelantado et al.
2017; Paul 2021). Since Semtech is holding the patent, the components of the physical layer can therefore only be
fabricated by Semtech licensed manufacturers. Nevertheless, the LoRaWAN standard (LoRa Alliance 2017) itself
is open-source and is specified and developed by the LoRa Alliance3. The specification describes bidirectional
communication, join procedure and encryption of messages. The latter ensures the security of the transmitted
data, an essential aspect as emergency response efforts might require the exchange of sensitive information. The
LoRaWAN standard utilizes a combination of unique identifiers and encryption keys to establish and maintain
network and session integrity as described in section 6 of the specification (LoRa Alliance 2017).

3 https://lora-alliance.org/
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Generally, a LoRaWAN contains nodes (sensors or actors), concentrators (gateways), a network server as well as at
least one application server (backend). The nodes transmit data via LoRa modulation technique to a gateway that
subsequently sends the data via Ethernet or cellular connection to the backend. The network server aggregates
messages from all gateways, manages authentication and checks for possible duplicate messages. Afterwards it
sends the application payload of the message to an application server. This server then processes the data further
and sends it to a database or a web server, for example. In Europe, the 863 MHz – 870 MHz ISM bands are
commonly used for LoRaWAN transmissions. The frequency range is divided into several sub-bands, each with a
different data rate. There is also a limit for the maximum percentage of time during which a node can transmit
data called the duty cycle (1% in Europe) (LoRa Alliance 2020). The possible range and battery life depend on
factors such as the surroundings, various parameters of the radio transmission, antennas and interfering factors. One
of the parameters regarding the radio transmission is the so-called spreading factor that has significant influence:
The higher the spreading factor, the slower is the data transmission but the greater is the range (Adelantado et al.
2017). Battery runtimes of up to 10 years are possible, depending on battery capacity and send cycles (Cheong
et al. 2017). Furthermore, potential ranges of 1 - 2 km in urban areas and 10 - 20 km in rural areas have been
observed (Hoeller et al. 2018; Linnemann et al. 2019). This bodes well for the use-case of monitoring during
disaster response scenarios since the battery life should not be of concern, even for events spanning multiple days or
weeks and transmission ranges can alleviate problems in areas with poor coverage. With the additional possibilities
of overcoming telecommunications breakdowns and power outages, LoRaWAN and related technologies have seen
increased mention in regard to emergency response as the following section shows.

LPWAN and LoRa in disaster response scenarios

The main benefits of an approach based at least in part on a LoRaWAN communication setup appear to be tailor-made
for use during large-scale emergency response. While more suitable for transmitting a small amount of data at a
time, the long range resulting in extensive coverage coupled with the possibility to achieve autarkic networks that do
not have to rely on cellular service or the power grid are very suitable for areas stricken by disasters, especially
if coverage was already poor or non-existent prior to the incident. One of the most common use-cases has been
utilizing LoRaWAN to establish communication between emergency forces, either by transmitting text messages
from one device to another through a LoRa-based network (Höchst et al. 2020; Macaraeg et al. 2020) or introducing
a technique that couples it with Wi-Fi and GPS (Vrindavanam et al. 2020). Since communication is essential to
properly coordinate disaster response, an independent and autarkic network for long-range communication could
turn out to be a great help. Tayeh et al. (2021) have proposed a LPWAN-based alternative to the personal alert
safety system for firefighters that is triggered when the carrier remains motionless for a certain period of time
and designed to help state assessment and localization of firefighters. Another approach to aid in firefighting was
presented by Sendra et al. (2020): the authors devised a low-cost network based on LoRa technology to monitor
forest fire risk in rural areas using information gathered from temperature, relative humidity, wind speed and carbon
dioxide sensors. They did however rely on The Things Network4 (TTN) as their backend infrastructure. In order to
overcome possible disruptions of networks after a disaster and to ensure dynamic coverage as needed, Pan et al.
(2021) proposed a LoRa mesh network aided by Unmanned Aerial Vehicles (UAVs) to quickly establish long-range
wireless communication for emergency response showing possible ranges for line of sight 1-hop transmission
distances upwards of 10 km. Similarly, Stellin et al. (2020) suggested a Wi-Fi network of UAVs acting as relays for
the traffic generated between mobile LoRaWAN nodes and a remote base station such as the command center for
disaster control management, subsequently evaluating the system in wild area firefighting scenarios. Combinations
and variations of the approaches outlined above are of course conceivable, for example utilizing emergency vehicles
as mobile gateways as well as UAVs when encountering terrain impassable for ground vehicles. The concept
proposed here for disaster response in Germany using LoRaWAN as the main communication technology will be
described in greater detail in the following section.

CONCEPT

Monitoring disasters using LoRaWAN

Given the suitability of LoRa-based technologies in disaster scenarios outlined above and shown in the analyzed
related works a concept to integrate such an approach in the emergency response procedures in Germany is proposed.
The main focus lies on large-scale areas such as rural sectors with either overall poor, temporarily disrupted or even
non-existent communication and monitoring infrastructure. While certain stationary and long-term information
sources like weather stations, pollution monitoring in cities or water level measurement at select locations exist in
Germany, they are inherently limited regarding adaptability or mobility for specific disaster events. Prior surveying

4 https://www.thethingsnetwork.org/
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of the affected areas is also mostly impossible due to the sudden and dynamic characteristics of the situations
encountered during emergency response. Since each event is also highly individual and might require different
information to correctly assess necessary steps, being able to easily set up an adaptable and low-cost network is a
promising approach to support decision makers. Here, the relevant authorities could utilize data transmitted through
a LoRaWAN gathered from various sensors and covering large areas, even when existing systems are disrupted or
none exist at all. In order to overcome problems such as poor cellular service coverage or power grid outages, an
entirely independent LoRa-based communication network is established using either stationary (e.g. command
center) or mobile (e.g. mounted on vehicles) gateways and autarkic sensors that are equipped with a battery and
thus work for a long time. After the initial setup which is as simple as placing a sensor node at a suitable location
no further interaction from the personnel is required. Through the use of mobile gateways coverage can easily be
extended and different sensors for environmental monitoring can be combined as desired. This is useful specifically
in areas and during events that pose a high risk for personnel or technical equipment alike such as flooding or
forest fires. Furthermore, information requirements for various actors like police, firefighters or the THW may be
satisfied through the adoption of additional sensors. As long as the node is able to transmit data using standardized
LoRa modulation it can be integrated as part of the network. Here, several sensors for parameters like temperature,
pressure, moisture, movement or distance, light or certain gaseous substances are available to consumers. This leads
to relatively cheap hardware components, bringing down overall cost and making potential losses more tolerable.
Additionally, sensor nodes can easily be equipped with a GPS module allowing for simple mapping of the measured
values and the given location, for example through use of a geographic information system software. It also enables
convenient retrieval once the crisis event is over as well as possibilities to track resources such as vehicles and
other expensive equipment or even personnel. While manual location input is possible if GPS is not used, this
is only suitable for mostly stationary components. When fully utilizing the dynamic capabilities of the proposed
LoRaWAN setup, for example in form of a floating sensor node to analyze flood streams, location tracking becomes
indispensable. The information collected via the gateways is then processed as required and converges in the central
disaster control management, being provided to either the relevant staff or the information and communication
center. The applications connected to the LoRaWAN backend also allow for computer-aided processing which
can visualize and highlight information in a certain way, send messages or alerts regarding conditions such as
thresholds and make documenting the operation and situation easier, for example by integrating recorded parameters
or even automatically generated analyses in reports. These applications are however not within the scope of this
work, instead the focus lies on supporting disaster response efforts in Germany by seamlessly integrating the
LoRa-based approach in existing workflows while offering added value and possibilities to adapt and expand the
concept. The proposed technology stack to accomplish that task is shown in Figure 2. Since crisis and hazardous
events are however inherently spatial, processing and visualizing geospatial information is a key aspect of handling
the gathered sensor data. In order to provide insight into potential workflows and set up a baseline example, the
information gathered via the backend was stored in a time series database and subsequently imported in QGIS5, a
free and open-source Geographic Information System (GIS).

Sensor nodes Gateways LoRaWAN backend
(ChirpStack)

Applications

Figure 2. Network architecture of the proposed concept

As described above, this stack consists of various components that are necessary for successful transmission. In
addition to the nodes and gateways that can be deployed depending on the situation at hand, a network server and an
application server are required, also referred to as the LoRaWAN backend. Here, the use of a private LoRaWAN is
preferred because of the sensitive data and the need for guaranteed availability. This ensures that the setup is not
dependent on external infrastructure or services while also remaining highly customizable. The solution chosen for
the approach presented here is the open-source project ChirpStack, allowing for backend setup and administration
with relative ease. After receiving data from a sensor, a gateway sends the data to the network server via the

5 https://www.qgis.org/
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gateway bridge, providing integrations with various cloud platforms. Furthermore, the application server offers a
web-interface and APIs for other services such as MQTT or an InfluxDB connection. The use of ChirpStack thus
enables connections or integrations with existing systems and provides a flexible structure for further developments
(Brocaar 2022). The ChirpStack Gateway OS also makes it possible to easily distribute the needed software onto
single-board computers and to run an entirely independent network for the disaster control management in case of
disruptions or outages regarding other communication services.

Applying the concept to a use-case

In order to evaluate the proposed approach a fictional flooding scenario was devised. An area next to the Campus
Lichtwiese of the TU Darmstadt was determined for monitoring. Consisting of mostly forest, a small stream and
a train track run through it as well as some buildings in the west and at the northern perimeter. Obstructions to
line of sight possibly reducing transmission range consist of mainly trees and foliage as well as small changes in
elevation. The boundaries of the area follow terrain and selected pathways. The command center is located east of
the campus with the main goals of the emergency response efforts being comprised of preventing damage to existing
infrastructure and controlling the spread of the flood, e.g. by deploying sandbag barriers where necessary. Certain
points of interest along the stream are also monitored so that the structural stability of bridges and the safety of the
residential area northwest of the disaster zone can be ensured. Figure 3(a) shows the initial situation as disaster
response efforts are planned. Emergency forces would arrive from the northwest and set up the command center at
the eastern end of the campus which also provides a suitable location for the gateway. As personnel would assess
the situation and identify these points of interest, they would then continuously monitor certain locations. This
could prove to be difficult if communication were disrupted or parts of the area had to be evacuated. Furthermore,
an approach using sensors allows for constant and accurate monitoring of certain values over time.

Figure 3. (a) Situation during planning and (b) with the proposed LoRaWAN setup

The same situation is visualized in Figure 3(b), now utilizing the proposed LoRaWAN setup. Here, personnel
that would otherwise have to monitor these locations can be replaced by sensor nodes to measure water levels or
moisture. While the water level sensors are placed along the stream the moisture sensors could be placed at sandbag
barriers surrounding the buildings in the north and west, alerting disaster control management to potential failures
if flood levels rise too high. Additionally, the moisture sensor in the south can provide information on whether that
part of the train tracks has been flooded and the easternmost node helps in assessing the spread of the flood in that
direction. Furthermore, if conventional modes of transmitting the data are disrupted or otherwise unavailable, the
independent LoRaWAN infrastructure should ensure that the information reaches the command center. In order to
examine the feasibility of the proposed concept in conjunction with the fictional disaster scenario described here,
tests with a fully functional setup comprised of sensors, gateways and the aforementioned ChirpStack backend were
conducted. The results are described and discussed in the next section.
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EXPERIMENTAL EVALUATION

Hardware setup for use-case testing

In order to examine the proposed concept in conjunction with the fictional flooding scenario, a mobile gateway and
sensor nodes were set up in the area of interest. The hardware used for field-testing is shown in Figure 4. The
selected gateway is a RAK 7258 with the required power being provided by a portable battery. This means that even
when other power sources such as generators or the grid are temporarily disrupted or entirely unavailable, there will
be no interruptions of the network’s capabilities. In addition, nodes can verify successful transmission so that failed
attempts are repeated and no data is lost. Both the gateway and the battery are stored safely in a protective case
which is suitable for outdoor use. Furthermore, it can be fitted with brackets to mount it in or on a vehicle, enabling
the use of a mobile gateway and flexibility regarding the placement within or even outside the monitored area. The
gateway is connected to a RAK W113 (5.8 dBi) antenna. The nodes are various LoRa ESP32 boards, all equipped
with batteries for power supply and GPS for location tracking. Different sensors are connected to the boards such as
ultrasonic sensors to measure the water level or capacitive sensors to monitor moisture. While both ready-made
sensor kits for LoRa and individual components are available to consumers, custom-built solutions tailored towards
specific use-cases to fulfill the needs of disaster control management are preferred for now. One example is the
TTGO T-Beam V1.1 development board that can be programmed as necessary and fitted with additional components.
Here, it was used to examine the signal strength in the area and track the personnel which is placing the sensor nodes.
In addition to the GPS module a battery was added and a protective casing was made by 3D printing. Similarly, all
network components in the field function in an autarkic capacity and allow for a setup that is fully independent of
external infrastructure as described in the concept above.

b)

a) c)

d)

Figure 4. Hardware setup: (a) RAK W113 antenna, (b) RAK 7258 (mobile) gateway, (c) TTGO T-Beam V1.1 with
and without 3D printed protective case, (d) LoRa ESP32 with moisture sensor

Evaluation using a fictional scenario

In the fictional scenario, emergency forces enter the area from the northwest and drive to the command center
location at first. All required hardware is transported to the site as part of the vehicle equipment. Depending on the
situation at hand and the expected use-cases, different LoRaWAN components and sensors are brought along. For
example, for flood control and relief efforts the equipment should include various sensors for monitoring water
levels and moisture as mentioned in the previous section. In the future, appropriate distribution of resources should
be part of the research scope, including an analysis what equipment should be stored where, for example regarding
the levels of disaster response in Germany described above.

After the gateway has been set up at the command center, emergency forces traverse the area to survey the situation
at the points of interest and distribute the sensors as planned and shown in Figure 3. During that step, they also
carry a node equipped with a GPS module. This not only allows the command center to monitor their position but
also enables signal strength testing throughout the entire trip. If coverage is insufficient, further gateways could
increase transmission range, for example by moving vehicles fitted with a mobile gateway into suitable positions. In
the scenario described here, testing along the pathways closest to the boundary of the monitoring area indicated
that the gateway located at the command center would be sufficient. Figure 5(a) shows the path that emergency
forces took when surveying the area and setting up sensors with the current location being continuously transmitted.

WiP Paper – Geospatial Technologies and Geographic Information Science for Crisis Management
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 547



Tim-Jonathan Huyeng et al. LoRa-based monitoring in disaster response scenarios

This not only means that personnel currently in the area can be tracked but also verifies that the LoRaWAN is
working and data is processed by the ChirpStack backend. Once all sensors have been distributed, the second testing
phase focuses on the main goal of LoRa-based monitoring in disaster response scenarios. In order to monitor the
flooding and any relevant developments, sensor nodes were placed at points of interest in the area that transmitted
information regarding the water level at key points along the stream and moisture values from certain locations.
All sensors successfully transmitted data during the test, sending both the measured values as well as location
information to the gateway as shown in Figure 5(b). This enables automated mapping of sensor values and locations,
allowing for example a real-time visualization for disaster control management and further processing connected
to the LoRaWAN backend, e.g. by alarming emergency forces when the moisture nodes near buildings detect
critical values. It also provides constantly updated information for decision makers, does not require interaction
from personnel beyond initial setup and retrieval once efforts have concluded and is relatively low-cost in case
components are lost or destroyed.

Figure 5. (a) Setup phase and (b) monitoring phase during field-testing

As such, the feasibility of the overall concept was demonstrated by the field-testing regarding the fictional flooding
scenario. All points of interest were successfully monitored throughout and the data transmitted from the sensor
nodes to the gateway was processed by the ChirpStack backend according to expectations. All testing was conducted
with spreading factors (SF) of 7 or 8, sending a payload every 30 seconds. Depending on the requirements and the
situation at hand, the SF and other parameters can be adjusted as necessary. For example, if coverage is insufficient
the SF can be increased (up to SF12) which might incur other limitations such as reducing the duty cycle. This
would only apply however if no exceptions were granted for official use during disaster response. An alternative
would be increasing the number of gateways to simply increase the size of the network. Future work thus includes
testing with multiple gateways for a larger possible monitoring area as well as utilizing the aforementioned approach
for mobile gateways, for example if the command center has to be moved out of the monitoring area. In that case,
vehicles fitted with gateways could be strategically placed to maintain or even extend coverage. Another scope of
further research could be the tracking of emergency forces through personalized GPS sensor nodes for the duration
of the mission if so desired. Since none of this introduces new requirements regarding the general setup, the
overall concept and testing proved t1o be satisfactory. An area spanning multiple square kilometers was monitored
establishing a consistent connection with the gateway located at the assumed information and communication center
of the disaster control management using a LoRaWAN setup costing approximately 380 Euro with readily available
hardware components. In order to optimize the benefits for emergency response use-cases, relevant monitoring
parameters have to be identified so that suitable sensor nodes can be prepared accordingly. This of course extends to
other parts of the proposed LoRa-based monitoring concept that will have to be evaluated further together with the
relevant actors of disaster response efforts in Germany.
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CONCLUSION

The successful experimental evaluation of the proposed LoRaWAN setup demonstrates the feasibility of LoRa-based
monitoring in large-scale disaster response scenarios in Germany. The presented approach using sensor nodes with
various LoRa ESP32 boards, a RAK 7258 gateway and a ChirpStack backend showcases a cost-efficient way to
monitor a large area and transmit sensor data entirely independent of external infrastructure. Further testing in
less controlled environments will however be essential, for example to be able to assess the implications regarding
significant obstructions to line of sight such as mountain ranges or densely populated areas with tall buildings. Other
concerns regarding the validity of the outlined approach as well as the implications of real crisis and hazardous
events will have to be further evaluated with experts both on a technological and operational level. Still, given the
importance of monitoring the current situation as well as possible developments during emergency response efforts
LoRaWAN technology appears to be very promising: the hardware is readily available, the setup is easy and can be
adapted dynamically if requirements or circumstances change and the network continues to function even if cellular
service, power or other infrastructure are temporarily disrupted or not available at all.

Above everything else, the concept should integrate seamlessly with existing and established emergency response
workflows. In order to ensure that, possible next steps include field-testing in larger areas and with varying topology
and surroundings to properly evaluate the use of mobile gateways and the adaptability of other components while
making sure that the work of emergency forces is not impeded in any way. Furthermore, taking part in disaster
response exercises on different levels such as municipal, regional or supra-regional scenarios is highly desirable
allowing for potential adjustments regarding disaster control management in Germany. As mentioned above, this
could for example include automated generation of reports or visualizing sensor data via real-time maps. Future
work could also, but is not limited to, seek to integrate other ideas that utilize LPWAN such as person and equipment
tracking or UAVs carrying mobile gateways over impassable terrain.
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ABSTRACT

Crises always impose a difficult compromise between safety and liberty, and the COVID-19 pandemic is no
different. Governments have enforced various sanitary restrictions to reduce virus spread. With the help of Artificial
Intelligence (AI), the scale of surveillance has risen to unprecedented levels. However, these technologies entail
many risks, from potential errors or biases, to their extended enforcement beyond the duration of the initial crisis.
Citizens should be aware that these technologies are not infallible, and measure the consequences of errors, so as
to make informed decisions about what they want to accept, and for how long. To this aim, we have designed a
serious game in the form of a municipal debate between citizens of a virtual town. Some first test sessions helped us
improve the game design, and provided proof of the interest of this game to trigger debates and raise awareness.
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Serious game, Artificial Intelligence, COVID-19, education

INTRODUCTION

Crisis situations are often associated with restrictions of liberties and invasion of privacy, in the name of public
safety. Many governments order mandatory evacuation or travel ban during floods, communication surveillance and
control following terrorist attacks, or declare a "state of emergency" to provide their police forces with more powers
to respond to the emergency situation. More recently during the COVID-19 pandemic, governments around the
world have used the "state of health emergency" to justify lock-downs, curfews, contact tracing, sanitary passport, or
mandatory vaccination. Surveillance has always existed, but new technologies enabled by Artificial Intelligence
(AI), such as facial recognition or social networks, have changed its scale. We are now facing mass surveillance of
billions of individuals. Besides, governments may be tempted to re-use technologies, initially adopted as emergency
counter-measures against the pandemic, to serve other purposes1, or to extend the duration of new rules beyond the
end of the original crisis. The drifts can have serious consequences, with China setting up a social credit system
(Liu 2019), or some countries imposing the need for a COVID-19 vaccinal pass despite the inequalities it creates
(Tanner and Flood 2021; Gostin et al. 2021; Kofler and Baylis 2020). This pass has been required to enter most
countries, to access leisure places, to travel, to work (e.g. healthcare workers in France, or any workplace in Italy),
or even in some countries to use some more essential services 2.

AI technologies can offer many benefits, but we believe that it is essential for citizens to also understand their impact
on surveillance, their potential biases and errors, in order to be able to make informed choices about what they
accept and what they refuse. To this end, we have designed a serious game, where participants take on the roles of
citizens with various profiles in a (not so) futuristic town, and debate about the new technologies that could be
adopted in their town. This game is part of a wider series of debate games about different societal applications
(health, transport) of AI technologies. This debate game is targeted at students in secondary school and high school,
and is followed by a debriefing allowing participants to share experience and to learn about the real life implications
of what they discussed in a simplified manner.

1For instance, Singapore police forces can now exploit the data of the contact-tracing application originally designed to fight the pandemic:
https://www.cnbc.com/2021/01/05/singapore-covid-19-contact-tracing-data-accessible-to-police.html

2https://www.capital.fr/economie-politique/pakistan-menace-de-carte-sim-bloquee-pour-ceux-refusant-la-vaccination-1406536
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This paper is structured as follows: we start by discussing the need for educating the general public about AI, and
how serious games can help. One section is dedicated to the debate game, scenario, roles taken by the participants,
and different AI solutions being discussed. Another section is dedicated to the debriefing session after the game,
which is key to learning. Finally, one section discusses some first return of experience with groups of different ages.
Finally, we conclude and discuss future prospects.

REQUIREMENT FOR EDUCATION

Education to AI

Educating the population is crucial at any time and even more during COVID-19, where the lack of information,
or disinformation spreading on social networks, can have serious consequences. Indeed, conspiracy theories and
other fake news spread fast, and can increase vaccine hesitancy or rejection (Nieves-Cuervo et al. 2021; Lu and
Sun 2022), with detrimental consequences on health. Besides, even though Artificial Intelligence can help fight
COVID-19, there are also dangers to be avoided: (Naudé 2020) warns about the requirement for ”a careful balance
between data privacy and public health”. Everybody needs to be aware of the potential benefits and dangers of
Artificial Intelligence, whether in the context of the pandemic or in general.
This requirement for educating people about AI is particularly highlighted in the latest UNESCO report (UNESCO
2021). This education should not concern only the underlying technologies, but also the value and usage of personal
data, and the ethical implications of AI technologies.

”because living in digitalizing societies requires new educational practices, ethical reflection, critical thinking, responsible
design practices and new skills, given the implications for the labour market, employability and civic participation” [p.18].
”Public awareness and understanding of AI technologies and the value of data should be promoted through open and accessible
education, civic engagement, digital skills and AI ethics training [...] so that all members of society can take informed decisions
about their use of AI systems and be protected from undue influence” [p.24].
”Member States should promote general awareness programmes about AI developments, including on data and the opportunities
and challenges brought about by AI technologies, the impact of AI systems on human rights and their implications, [...] accessible
to non-technical as well as technical groups. Member States should develop [...] AI ethics curricula for all levels, and promote
cross-collaboration between AI technical skills education and humanistic, ethical and social aspects of AI education.” [p.33]

Serious games

With the goal of involving the population as a whole in learning about AI and its use during the COVID-19 crisis,
we believe that serious games (Crookall 2010) can be a powerful tool. Serious games have been successfully used
in various fields: educating the population about appropriate behaviours in case of natural disasters, e.g. floods
(Rebolledo-Mendez et al. 2009; Taillandier and Adam 2018); raising awareness about climate change and possible
actions (Wu and Lee 2015); training medical and surgical skills (Graafland et al. 2012) or communicative skills
of future doctors (Jackson and Back 2011); or more recently explaining the pandemic and sanitary measures to
improve their acceptability (Cottineau and collective 2020).

Serious games do not need to be computerised, and we use this term to refer to any learning game, that uses playful
elements to reach a pedagogical goal. There exists various forms of serious games, from computer simulations
(Taillandier and Adam 2018), to board games or card games (Wu and Lee 2015), interactive narratives, role-playing
games (Jackson and Back 2011), or debates (Simonneaux 2001). Given our stated goal of involving the general
population, we designed a tabletop game that can be played by anybody regardless of their education, without a
computer. Besides, our goal is to develop argumentation skills in future citizens, to enable them to make informed
choices. We therefore propose a serious game in the form of a role-playing debate; the design of our game is
explained in the following section.

OUR SERIOUS GAME: AI AGAINST EPIDEMIC IN WAFER CITY

Game design process

Our game is part of a larger series of debate games about AI in various fields, developed by Arbre des Connaissances
(ADC)3, a scientific mediation association dedicated to opening science towards citizens. These games all take
place in the same virtual (more or less futuristic) town, called Wafer city, an average size city with one million
citizens. Half of the population is living in the town centre, the other half resides in suburban or rural areas. In each
game of the series, a different issue is raised to the municipal council, played by the game participants. The first two
episodes of the series were dedicated to AI in transport (Oct. 2018) and AI in health (Feb. 2019). The episode
described here was developed by the two authors with the help of two members from the ADC, over about 1 year
starting in February 2021, through to first experiments in October 2021, and until the official release in March 2022.

3Arbre des Connaissances website: https://arbre-des-connaissances-apsr.org/
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Game context

In our game, Wafer city is threatened by an epidemic. Each citizen of the city has a digital medical record (containing
analysis results, current treatments...) managed by the city and available to its policy makers, who must take the
best possible measures in order to limit the epidemics spread while addressing the following societal issues:

• Lockdown rules are considered too strict and prejudicial to mental health. It is critical to find measures that
are not too restrictive for the population but still effective against the epidemic.

• The violation of rules by a few citizens could jeopardise the epidemic control strategy, thus threatening the
entire population. It is therefore essential to effectively enforce sanitary restrictions, without overworking
police officers by adding up to their usual missions. Besides, constraining rules might not always be well
accepted and effort will be needed to prevent the deterioration of relationships between police and citizens.

• Asymptomatic people could unknowingly spread the epidemic, making it insufficient to test and quarantine
only symptomatic people. However, it will be difficult to impose restrictions on healthy people who do not
feel concerned. Sanitary restrictions should be adapted to the citizens’ health status.

The context description purposely never mentions the name of the virus responsible for the epidemic in Wafer city, 
and avoids any allusion to COVID-19. Indeed, the game aims at discussing surveillance enabled by AI in a broader 
context, and should stay topical even after the end of the current pandemic. Besides, we also wanted to take some 
distance from a very sensitive context, as the COVID-19 epidemic is not over yet.

Sowana

The Sowana company is specialised in Artificial Intelligence and has previously worked with the town on other 
topics, such as public transportation or health. Sowana has answered the call for proposals of Wafer city regarding 
the epidemic with three solutions: Eye’Wana, Wana’Like and Wana’Pass, detailed below.

Eye’Wana

Eye’Wana is based on video-surveillance to ensure that sanitary rules are respected equally by all citizens at all 
times. It promises to unload police forces while avoiding human biases: everybody has the same risks of being 
controlled and fined when not respecting the r ules. This solution is based on three building b locks: (i) a network of 
CCTVs and a fleet of drones collect videos and images from public places, (ii) computer vision algorithms extract 
faces from these pictures, and (iii) facial recognition algorithms identify the individuals from their face. Eye’Wana 
can detect various violations of sanitary rules (failure to wear a mask or to respect physical distancing; violation of 
curfew or lockdown; etc), identify the author, and notify them of the subsequent fine they have to pay.

This solution therefore answers the need for equality in front of the law, but at the cost of great intrusion into 
people’s privacy, since it is tracking their every move.

Wana’Like

Wana’Like is a free smartphone application to help citizens avoid crowded areas where the risk of contamination is 
higher. Sowana maintains a list of recommended places, checks if they respect the sanitary protocol, and can ban 
them if contaminations on their grounds are reported. The application analyses the user’s interests from their online 
activity (social media posts, requests on the Sowana search engine...) to create a user profile. It also uses real-time 
localisation data to deduce current attendance. By combining this data, Wana’Like can make personalised but safe 
leisure suggestions, and offers discounts in partner places to further incentivise users to follow the recommendations.

This solution is much less restrictive, but potentially also less efficient. Besides, there are great risks related to 
commercial use of personal data, loss of privacy, or opinion manipulation. Finally, the question of accessibility to 
people who do not own a smartphone is also important.

Wana’Pass

Wana’Pass is a health points passport: it analyses the user’s health record and data from their sensors (heart rate, 
temperature...) on a daily basis, to deduce the user’s individual health status and risk. It then provides them with a 
number of points, with users in better health being granted more points, and infected individuals receiving zero. 
These points will be required to access public places (shops, restaurants, museums, etc), with the riskier places
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Figure 1. Extract of game card distributed to the players to describe Wana’Like - illustration © Marie Jamon

requiring more access points. Each place will need to check and debit the necessary access points; once out of
points (or as long as they are infectious), the user cannot enter these places anymore.

This solution aims to answer the problem of equitable rather than equal treatment: it protects people at risk and
isolates contagious individuals, while letting healthy people live more normally in order to protect their mental
health. However, it poses the question of discriminating and isolating elderly people even more on the pretext of
protecting them.

Roles represented in the municipal council

As shown above, the different solutions all have pros and cons, and will be more or less acceptable to different user
groups. In our debate game, participants do not play in their own name, but will assume a role as member of a
specific group of citizens. The idea of having users play a role other than themselves is not new and is proven to
favour perspective-taking (Jarvis et al. 2002; Resnick and Wilensky 1998). We also wanted participants to take
distance from their character to keep the debate more peaceful, all the more on a very sensitive topic while the
COVID-19 epidemic is still not over.

Figure 2. Extract of game cards describing two of the roles. Illustration © Marie Jamon

The participants in our game are randomly distributed in 5 small groups of citizens:

• City centre shopkeepers, focus on freedom of action and mobility, make a good living but have little free time;

• Ecologists and alter-globalists, rather young, focused on well-being of all and protection of nature, they favour
walking and cycling to commute, and they ask for guarantees before adopting new technologies;

• Elderly people, over 60 years old, retired, focused on keeping their autonomy, can live in or out of town;

• Technology enthusiastic, mainly youngsters, very connected and active online, loving innovation, but with
limited income;

• Remote citizens, living outside of town centre, in suburban and rural areas, either to search a better quality of
life or lower property prices.
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The members of each group will debate together to allocate a total of 5 points to the 3 solutions, keeping in mind
the wishes of the role that they represent. Each group will therefore come up with different scores for each solution,
which will be put in common and added up in the voting and debriefing phase.

GAME DEBRIEFING

Debriefing is an important part of a serious game and is essential to learning (Crookall 2010; Whalen et al. 2018;
Dieleman and Huisingh 2006). It pursues multiple goals: clarifying concepts manipulated during the game session
to improve learning; link the simplified concepts with real-life complexity to ensure that learners can apply their
knowledge; and share experiences and reflection between participants. It should be led by an informed moderator
with a clear and predefined pedagogical objective in mind. The following paragraphs discuss the debriefing phases
of our debate game.

Sharing and debating scores

At the end of the game, each group provides the scores they gave to each solution. The moderator reports the scores
of all groups in a table drawn on the blackboard, along with their main arguments for their favourite solutions (see
an example on the photo in Figure 3). The solution with the highest total score "wins" this first round of voting.

Figure 3. Game board

Solution S1 Eye’Wana S2 Wana’Like S3 Wana’Pass
Alter-glob 0 3 (+) discounts 2 (-) unfair

(+) normal life
(-) privacy (+) control over data (-) mental health

Shops 4 (+) stay open 0 (-) lose clients 1 (-) lose clients
Remote 1 3 (-) privacy 1

(+) discounts (-) unfair
Techno 2 (+) fair, jobs 2 (+) freedom 1

(+) discounts
Elderly 3 (+) health 2 (-) no smartphone 0 (-) autonomy

(+) live on (-) privacy
TOTAL 10 10 5

Table 1. Transcription of the game board

The moderator then triggers a debate between supporters and opponents of the different solutions. For instance,
members of one role group that supported a given solution, are asked to try and convince members of another role
group that rejected that same solution, and vice versa. If they succeed, the scores on the board can be subsequently
updated and the selected solution might even change as a result of this debate (see examples of such scenarios in the
return of experience section below).

As recommended by (Dieleman and Huisingh 2006), the debate is supervised by a moderator, who ensures a fair,
peaceful and balanced debate between students. Playing a role that does not necessarily match their own opinions
also helps students to take some distance with the argument and to speak more freely.

Evaluation scales

To further discuss and compare the different technological solutions offered by AI, the moderator then asks some
specific questions in order to guide students to rate solutions on different scales. Some important scales to consider
when evaluating AI solutions (inspired by (Castelluccia and Métayer 2020)) include:

• Their efficiency (here against the epidemic): the risk-benefit balance is one key indicator, used by privacy
protection agencies to allow use of a technology, and by health institutions before allowing use of a drug;

• Their impact on individuals liberties: how constraining or restrictive are they? How much freedom is
sacrificed? Is it worth it? Does it have negative side effects, e.g. on mental health?
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• Their impact on privacy: what sort of personal data do they collect, and how sensitive is it? Who gets access
to this data? What happens in case of a data leak?

• Their economical and ecological cost: how much will it cost and who will pay for deploying these technologies?
What pollution is generated to create, maintain, use and recycle these technologies?

• Their accessibility to all, and the risks of discrimination. Do they ensure strict equality? (i.e. everybody is
treated exactly the same) Are they equitable for everybody? (i.e. rules are adapted to everybody)

• Risks of errors and misuses: what risks that these technologies fail? What impact in case of errors? What
risk of misuse? Can they be twisted to serve other purposes than their initial goal? With what consequences?

Contextualisation

To link back to reality, the moderators finally illustrate how the different virtual solutions discussed during the game
actually relate to very real solutions that are already implemented in some countries.

• Technologies similar to Eye’Wana were used in China (Chun 2020), where a large CCTV cameras network
with drones and thermal cameras, complemented with facial recognition, was deployed to implement social
control during the COVID-19 pandemic. But drones have also been experimented in France to monitor the
beaches of Nice during the lockdown4.

• Wana’Like shares many similarities with social networks, that use recommendation algorithms to make
personalised suggestions to the user. These already raise many problems of conflict of interest since they aim
to maximise the time spent online by the user, even at the expense of their (mental) health (Wells et al. 2021).

• Wana’pass can be viewed as the result of the progress of medical AI (Petropoulos 2020) combined with
China’s Social credit system (Shen 2019; Liu 2019). It can also be considered as an evolution of the health or
vaccinal passport already deployed in many countries, raising discrimination problems due to unequal access
to vaccines (Tanner and Flood 2021; Gostin et al. 2021; Kofler and Baylis 2020).

These examples illustrate very concretely the potential dangers of a drift from useful to forceful use of AI, and help
the students take out the intended message that they are all concerned by AI and its use.

RETURN OF EXPERIENCE

This game was first played with 6 groups from 3 high school classes during a national science fair (for a total of 103
students), as a first real-life test. It was later tested with around 80 students from an engineering school.

Game material

The game material5 comprises the following elements:

• Cards describing the roles, one different card to be distributed to each group;

• A sheet explaining the agenda of the municipal council, with the problems at hand;

• One sheet per solution, that provides the marketing argument by Sowana, some technical details about the AI
beneath, and a testimony by a citizen that is designed to raise some first interrogations.

• A moderator guide aimed at the teachers who will supervise the game. This guide contains some more
technical background, useful definitions, links to additional documentation, questions to feed the debate, and
information about some similar but real-life solutions to present during the debriefing.

These elements are provided during the sessions we organise, but they can also be printed by any teacher willing to
play the game with their students.

4https://news.trust.org/item/20200320105803-ztaq0

5The game material and booklet are freely available at https://jeudebat.com/jeux/lintelligence-artificielle/
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Game setup

During the science fair, each session was played with a group of around 15-17 students, distributed in the 5 role
groups, plus one of their professors present either as an observer or as a participant. The engineer school session
was played with all 80 students together, distributed in 10 groups (2 per role). Each session lasted for 1.5 hours and
was supervised by 2 moderators who facilitated discussions while staying neutral, i.e. without orienting them or
making suggestions.

The pedagogical sequence is as follows:

1. The session starts with the moderators providing a brief introduction about AI, some definitions, and
presenting the context of the game and the 5 roles represented in the municipal council.

2. The students debate the pros and cons of each solution in turn, within their role group.

3. Each group allocates a total of 5 points to the 3 solutions.

4. Each role group orally provides its scores and arguments that are reported on the board.

5. The winning solution is announced, and the results are discussed and debated, which might change the results.

6. The moderators provide some context about which similar solutions already exist in real life.

7. The high school teacher takes home some documentation and references to deepen the subject with their
students in class later.

Example debate

With one group, we had a very interesting debate leading to multiple changes of the selected solution. After the first
round (as shown in Table 2) Wana’Pass was shortly winning with 10 points, followed by Eye’Wana with 8 points,
and Wana’Like with 7 points.

Eye’Wana Wana’like Wana’Pass
Group S Arguments S Arguments S Arguments

Elderly 4 No phone required 1 0Phone needed No points for older

Remote 1 Enforcing the rules 0 4 Simple
No camera out of town Risk of manipulation

Shopkeepers 3 Equality 1 Liberty 1Good for business Unfair between shops Losing clients

AlterGlobalists 0 Pollution 2 3 Efficiency
Loss of privacy Need guarantees on data Loss of privacy

Tech addicts 0 3 Free 2 Equitable
Loss of liberty Discount coupons

Total 8 7 10

Table 2. Example of blackboard after one round of discussion in one game session: scores (S), positive (blue) and
negative (red) arguments.

We then guided a debate between students favouring the different solutions, and Table 3 illustrates the evolution of
total scores over the four subsequent rounds of debate.

Round Eye’Wana Wana’like Wana’Pass
1 8 7 10
2 9 8 8
3 11 5 9
4 11 1 13

Table 3. Evolution of the results of the game after four rounds.

Since the elderly people group was completely opposed to Wana’Pass (that would most probably grant them very 
few points to go out), they were asked to try and convince other groups to not choose this solution. They argued
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that Wana’Pass was inequitable, and convinced shopkeepers to move 1 point from Wana’Pass to Eye’Wana, and
Techno-addicts to move 1 point from Wana’Pass to Wana’Like. After that second round, EyeWana was shortly
ahead with 9 points, the other solutions scoring 8 points each.

Remote people were then asked to provide their arguments against Wana’Like, to which they had given 0 point.
They argued that this application could manipulate its users. As a result, elderly people and central shopkeepers
removed 1 point to Wana’Like and moved it to Eye’Wana, while ecologists moved 1 point from Wana’Like to
Wana’Pass. Wana’Like now scored only 5 points, Wana’Pass 9 points, and Eye’Wana moved ahead with 11 points.

Finally, techno-addicts fiercely opposed to Eye’Wana (for its infringement of liberties, and because their lower
income meant more sensitivity to fines) realised they could change the result: they moved 4 points from their
favourite but losing solution (Wana’Like) towards their second option Wana’Pass, to prevent Eye’Wana from
winning. Interestingly, it is a rare complete loss for Wana’Like (1 point), and the only win for Wana’Pass.

Quantitative results

We consider here only the sessions played during the October 2021 science fair with 6 high school groups (103
students), who are more representative of the target public for our debate game. The results (see Table 4) are:

• Wana’Like was selected three times, mostly because it provides financial advantages and is less constraining
than the other solutions.

• In another session, Eye’Wana and Wana’Like received the same number of votes. Wana’Pass was rejected for
discriminating the elderly.

• Eye’Wana was selected once because it was considered easier to deploy (no need for a smartphone) and
because it enforces equality. In all other sessions, it was judged too intrusive and rejected fiercely.

• Wana’Pass won only once, after the interesting debate summarised above.

Wana’Like Wana’Pass Eye’Wana
#Selections 4 1 2

Table 4. Number of wins per solution over 6 sessions (the total is 7 since there was a draw in one session)

Qualitative feedback

We got a general positive feedback from all the students and their professors. In this section, we discuss some 
specific comments made by the players after the different se ssions. This highlights the importance of the debriefing 
phase that allows such exchanges with participants, where they take some distance from the events debated in-game.

Link with COVID: despite our efforts to create a "virtual" town and epidemic, most students immediately referred 
to "COVID" in their discussions. One student mentioned they were against the COVID vaccine, which proved the 
importance of maintaining some distance from the current context in order to ensure a peaceful and targeted debate. 
However, this occurred only during debriefing, and did not influence debates since they had to stick to their roles. 
Besides, we believe this link will attenuate with time as the epidemics fades, while our game will stay topical.

Assumption of infallibility: students generally assumed that the proposed technologies were infallible, and as a 
result did not consider the harmful impacts of an error. This confirms the need to teach the basics of AI as well as its 
potential for biases and errors. Knowing how the algorithms work is required to understand how they could also fail.

Safety vs freedom: students focused much more on protecting their freedom than on efficiently fighting the virus. 
Even though the debates did mention the efficiency of the offered solutions, it came after arguments of loss of 
privacy or freedom of movement, and actually after any other argument. This might not be surprising in an age 
group that often does not feel directly concerned by the health risk. It also shows a lack of focus on efficiency in our 
game instructions. We have since then improved that point by asking participants explicitly to compare the solutions 
on the different scales listed above, including their efficiency. This involves discussing whether they prefer to accept 
a very constraining (and efficient) solution for a short time, or a less constraining (but less efficient) solution that 
will probably need to be maintained for a longer period of time.
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Soft and hard surveillance: while protecting their freedom and privacy, most students were either unaware
of, or fatalist, regarding the surveillance already exerted on them by social networks algorithms. Most students
considered that the most intrusive applications were Wana’Pass due to the use of medical data, or Eye’Wana because
it films people permanently. They completely underestimate the risks associated with recommendation algorithms,
since they already happily disclose large amounts of personal information on social networks. This shows that AI
education should also insist on the value of personal data and what can be done with it.

Age target: having played the game with high school students (aged 15 to 18 years old) and engineering students
(aged 22 to 24 years old), we got quite different feedback. Comments from participants tend to suggest that the
game is better targeted at high school students, who have less technical background about Artificial Intelligence and
feel happy to get an opportunity to discuss the current pandemic and its impact on their lives. On the contrary,
engineering students felt more disappointed at the focus on ethical implications of AI when they expected to
get more technical knowledge. Surprisingly, some also reported as a negative point that the solutions seemed
too unrealistic because "none was good". Incidentally, this is precisely the intended take-home message: no AI
technology is a perfect solution, and everybody should be aware of the pitfalls before accepting them.

CONCLUSION

In this paper, we presented a serious game in the form of a municipal debate between players distributed in 5 role
groups, in order to choose AI solutions to fight an epidemic. Changing perspective and arguing to defend one’s
ideas is a good exercise for students, and they seem to have learned about Artificial Intelligence and its dangers in
the process. This game therefore reaches its objective of educating the population, and the debriefing phase showed
crucial in that process.

In the meantime, debriefing the debates with the participants also provided us with interesting insights about how
the population thinks of Artificial Intelligence, its benefits and infallibility. This comforted our idea that we need to
educate the next generation about these technologies. While AI can certainly help in fighting a crisis such as the
COVID-19 pandemic, it is not infallible, and as it is becoming more and more pervasive in our lives, the potential
impact of errors is also becoming more serious. It is therefore necessary that everybody knows the basics behind AI
algorithms UNESCO 2021 and can make informed choices about their use.

ACKNOWLEDGEMENTS

The authors would like to thank the Arbre des Connaissances association, in particular Clara Fruchon and Camille
Volovich, for their support along the entire game design process and with its distribution6; as well as Marie Jamon
for illustrating the game material and booklet. The authors would also like to thank the scientific mediation team of
Inria Rhône-Alpes, in particular Florence Polge-Cohen, for financial support and their help with organising the play
sessions at Fête de la Science. Finally, we thank all students and teachers who participated in the game sessions.

REFERENCES

Castelluccia, C. and Métayer, D. L. (2020). “Position Paper: Analyzing the Impacts of Facial Recognition”. In:
Privacy Technologies and Policy - 8th Annual Privacy Forum, APF 2020. Vol. 12121. Lecture Notes in Computer
Science. Springer, pp. 43–57.

Chun, A. (2020). “In a time of coronavirus, China’s investment in AI is paying off in a big way”. In: South China
Morning Post.

Cottineau, C. and collective, C. (2020). “Understanding the current COVID-19 epidemic: one question, one model.”
In: RofASSS (Review of Artificial Societies and Social Simulation).

Crookall, D. (2010). “Serious games, debriefing, and simulation/gaming as a discipline”. In: Simulation & gaming
41.6, pp. 898–920.

Dieleman, H. and Huisingh, D. (2006). “Games by which to learn and teach about sustainable development:
exploring the relevance of games and experiential learning for sustainability”. In: Journal of Cleaner Production
14.9-11, pp. 837–847.

Gostin, L. O., Cohen, I. G., and Shaw, J. (2021). “Digital Health Passes in the Age of COVID-19: Are “Vaccine
Passports” Lawful and Ethical?” In: JAMA 325.19, pp. 1933–1934.

6The game is available for download on their website at https://jeudebat.com/jeux/lintelligence-artificielle/

WiP Paper – Reimagining ethical, legal, and social issues in a COVID era
Proceedings of the 19th ISCRAM Conference – Tarbes, France 2022 562

https://jeudebat.com/jeux/lintelligence-artificielle/


Carole Adam et al. A debate game about the use of AI during the COVID crisis

Graafland, M., Schraagen, J. M., and Schijven, M. P. (2012). “Systematic review of serious games for medical
education and surgical skills training”. In: Journal of British Surgery 99.10, pp. 1322–1330.

Jackson, V. A. and Back, A. L. (2011). “Teaching communication skills using role-play: an experience-based guide
for educators”. In: Journal of palliative medicine 14.6, pp. 775–780.

Jarvis, L., Odell, K., and Troiano, M. (2002). “Role-playing as a teaching strategy”. In: Strategies for application
and presentation, staff development and presentation.

Kofler, N. and Baylis, F. (2020). Ten reasons why immunity passports are a bad idea.
Liu, C. (2019). “Multiple social credit systems in China”. In: Economic Sociology: The European Electronic

Newsletter 21.1, pp. 22–32.
Lu, F. and Sun, Y. (2022). “COVID-19 vaccine hesitancy: The effects of combining direct and indirect online

opinion cues on psychological reactance to health campaigns”. In: Computers in human behavior 127, p. 107057.
Naudé, W. (2020). “Artificial intelligence vs COVID-19: limitations, constraints and pitfalls”. In: AI & Society,

pp. 1–5.
Nieves-Cuervo, G. M., Manrique-Hernández, E. F., Robledo-Colonia, A. F., and Grillo, A. E. K. (2021). “Infodemic:

fake news and COVID-19 mortality trends in six Latin American countries”. In: Pan American Journal of Public
Health 45, e44–e44.

Petropoulos, G. (2020). Artificial intelligence in the fight against COVID-19.
Rebolledo-Mendez, G., Avramides, K., De Freitas, S., and Memarzia, K. (2009). “Societal impact of a serious game

on raising public awareness: the case of FloodSim”. In: Proceedings of the 2009 ACM SIGGRAPH symposium on
video games, pp. 15–22.

Resnick, M. and Wilensky, U. (1998). “Diving into complexity: Developing probabilistic decentralized thinking
through role-playing activities”. In: The Journal of the Learning Sciences 7.2, pp. 153–172.

Shen, C. F. (2019). Social credit system in China. Tech. rep. City University of Hong Kong.
Simonneaux, L. (2001). “Role-play or debate to promote students’ argumentation and justification on an issue in

animal transgenesis”. In: International Journal of Science Education 23.9, pp. 903–927.
Taillandier, F. and Adam, C. (2018). “Games ready to use: A serious game for teaching natural risk management”.

In: Simulation & Gaming 49.4, pp. 441–470.
Tanner, R. and Flood, C. M. (2021). “Vaccine Passports Done Equitably”. In: JAMA Health Forum. Vol. 2. 4.

American Medical Association, e210972–e210972.
UNESCO (2021). Report of the Social and Human Sciences Commission (SHS). Tech. rep. 0000379920. UNESCO.
Wells, G., Horwitz, J., and Seetharaman, D. (2021). “Facebook knows Instagram is toxic for teen girls, company

documents show”. In: The Wall Street Journal.
Whalen, K. A., Berlin, C., Ekberg, J., Barletta, I., and Hammersberg, P. (2018). “‘All they do is win’: Lessons

learned from use of a serious game for Circular Economy education”. In: Resources, Conservation and Recycling
135, pp. 335–345.

Wu, J. S. and Lee, J. J. (2015). “Climate change games as tools for education and engagement”. In: Nature Climate
Change 5.5, pp. 413–418.

WiP Paper – Reimagining ethical, legal, and social issues in a COVID era
Proceedings of the 19th ISCRAM Conference – Tarbes, France 2022 563



Zijun Long et al. Is Multi-Modal Data Key for Crisis Content Categorization on Social Media?

Is Multi-Modal Data Key for Crisis
Content Categorization on Social

Media?

Zijun Long
University of Glasgow

z.long.2@research.gla.ac.uk

Richard McCreadie
University of Glasgow

richard.mccreadie@glasgow.ac.uk

ABSTRACT

The user-base of social media platforms, like Twitter, has grown dramatically around the world over the last decade.
As people post everything they experience on social media, large volumes of valuable multimedia content are
being recorded online, which can be analysed to help for a range of tasks. Here we specifically focus on crisis
response. The majority of prior works in this space focus on using machine learning to categorize single-modality
content (e.g. text of the posts, or images shared), with few works jointly utilizing multiple modalities. Hence, in
this paper, we examine to what extent integrating multiple modalities is important for crisis content categorization.
In particular, we design a pipeline for multi-modal learning that fuses textual and visual inputs, leverages both,
and then classifies that content based on the specified task. Through evaluation using the CrisisMMD dataset, we
demonstrate that effective automatic labelling for this task is possible, with an average of 88.31% F1 performance
across two significant tasks (relevance and humanitarian category classification). while also analysing cases that
unimodal models and multi-modal models success and fail.

Keywords

Social Media Classification, Multi-modal Learning, Crisis Management, Deep Learning, BERT, Supervised
Learning

INTRODUCTION

During a crisis, millions of tweets are posted, where many of them contain both images and text. This gives us an
excellent opportunity to extract actionable and valuable information to help crisis response agencies to act quicker
and more efficiently (McCreadie et al. 2020; Widener and W. Li 2014). Twitter is a great platform to explore
such social media content because, in the United States, 68% of American adults reported they obtain news from
Twitter1. Due to the large volume of posts made on these platforms, there have been a wide range of works that
apply supervised machine learning to categorize and hence filter this content for crisis responders. These works
have primarily focused on analysing the text within each post (Kumar, Barbier, et al. 2011; Stowe et al. 2016; To
et al. 2017), ignoring potentially valuable image data provided along-side the tweets. Indeed, one of the more
significant unresolved challenges is multi-modal understanding, i.e. for some content we need to concurrently
analyse both modalities (text and image) before we can fully understand and act upon it. For example, a user could
post "need help" with an image of a damaged building, where the text defines the request and the image provides the
location. On the other hand, with recent advancements in deep learning for computer vision (He et al. 2016) and
language modelling (Devlin et al. 2018a), multi-modal learning(Gao et al. 2019) provides a promising new direction
to push the boundaries of effectiveness in this domain. Using a large-scale visual recognition model trained from
ImageNet, we can extract extra information in attached images and combine this with textual evidence to enhance
crisis content analytic tasks, where this type of multi-modal learning pipeline can be applied to tweets that only
have text, or images, or the combination of both.

To address this challenge and improve the performance of crisis response, we propose a new multi-modal framework
to classify crisis-related tweets through analysis of textual and visual content. Following the task definition of the
CrisisMMD dataset (Alam et al. 2018), we present a novel approach to label tweets on two major tasks automatically:
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be replaced by shallow word-embeddings, where a pre-trained (low-dimension) neural network model is used to
isolation (limiting the linguistic meaning that can be captured). Around 2013, bag-of-words approaches started to 
the ability to handle semantic mismatches between the dictionary and the text, as well as only consider each word in 
is represented based on the presence or absence of a set of terms from a dictionary. However, these approaches lack 
text. Traditional approaches in this space often use bag-of-words embeddings (Y. Zhang et al. 2010), where the text 
State-of-the-art in Text Categorization: Machine learned models have long been used for the categorization of 

jointly trained alongside the embedding).
will be a separate model, while for neural models this may be a separate model or a final classification layer that is 
Both approaches then train an output classifier that uses the embedding produced (for traditional approaches this 
In contrast, neural models train a highly complex neural network to transform the input into an embedded form. 
models will use hand crafted functions to extract a list of relatively low-dimensional features from each input item. 
traditional and neural network models, which primarily differ in how they perform the first phase. Traditional 
2) classification model training. For ease of reference, machine learned approaches are often divided into two types:
be considered to be comprised of two main phases: 1) the input embedding of each item into a numerical vector and 
A Brief Introduction to Machine Learned Classification: Machine learned content classification approaches can 

multi-modal data, it is first worth discussing the state-of-the-art in categorization of more traditional uni-modal data:
better utilization of multi-modal data, i.e. the combination of text and images. Before discussing machine learning on 
Therefore, this paper focuses on improving the effectiveness of crisis content categorization on social media through 

degree, effective, although more work is still needed in this area (Gao et al. 2019).
machine learned approaches for identifying actionable information from social media are feasible, and to some 
of social media posts into 25 information types (McCreadie et al. 2020). These works have shown that supervised 
Fung et al. 2019) . Meanwhile, the TREC Incident Streams (TREC-IS) track examined the automatic categorization 
has previously been shown to be helpful in detecting infectious diseases (Ye et al. 2016; Widener and W. Li 2014;
do this task automatically (Shekhar and Setty 2015; McCreadie et al. 2020). For example, information in Twitter 
manually, which is simply impractical. To solve this, supervised machine learning solutions have been proposed to 
published on social media platforms, a tremendous amount of time and effort would be needed to perform this task 
et al. 2014; Purohit et al. 2018; Kumar, Morstatter, et al. 2013). However, due to the large volumes of information 
categorize information on these platforms with the aim of finding actionable content for the response effort (Nagar 
Shekhar and Setty 2015). Indeed, within social media, a common task for emergency responders is to filter and 
response, as a channel to gather and analyze urgent information during a crisis (To et al. 2017; Yin et al. 2015;
Social Media for Crisis Informatics: Social media is increasingly seen as a critical platform for emergency 

RELATED WORK

multi-model data is key for these tasks.
F1 on the informativeness task and 8% absolute F1 on the categorization task, demonstrating that considering 
both strong uni-modal and multi-modal baselines, as well as an existing multi-modal approach by up to 5% absolute 
informativeness). Beyond this, we introduce a novel multi-modal framework and demonstrate that it outperforms 
demonstrate that text-only models are more effective than images models when tuned (e.g. 86% vs. 84% F1 on 
performance on the informativeness task and 87% F1 on the categorization task. Comparing uni-modal models, we 
tooling to aid in the filtering of crisis-related tweets for emergency personnel is possible with around 90% F1 
Based on experimentation over the CrisisMMD dataset (Alam et al. 2018), we show that effective automated 

success and failure modes for these models.
We discuss some notable insights we gained when analysing the multi-modal models developed regarding 3.

answering practical questions regarding the training of multi-modal models.
We analyse a range of different classification layer designs building upon the pre-trained ResNet and BERT, 2.

domain.
We propose a general multi-modal framework that can classify tweets with multi-modal data in the crisis 1.

The contributions of this work are three-fold.

  rescue volunteering or donation effort, infrastructure and utility damage.
• Humanitarian Information Categories: Identifying the type of emergency, including affected individuals,

• Informativeness: Whether the social media post is useful for providing humanitarian aid during emergencies.
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define strong uni-modal baselines. Notably, these uni-modal baselines need to be as effective as possible, since
To evaluate whether integrating both text and images is actually important for crisis content categorization, we first 

METHODOLOGY

well as examine how to best combine the output of these models.
works, with the exception that we examine the impact of more recent and effective models for text and images, as 
et al. 2016) for text and VGG16 (Simonyan and Zisserman 2015) for images. This paper is similar to these prior 
2015) for images. Meanwhile, Zou et al. 2021 proposed a similar late interaction model, combining FastText (Joulin 
aid disaster response using a late interaction between a custom CNN for text and VGG16 (Simonyan and Zisserman 
social media data (Alam et al. 2018). For instance, Ofli et al. 2020 proposed a multi-modal deep learning pipeline to 
In the crisis informatics domain, there has been recent interest in multi-modal learning for tasks such as tagging of 
modalities can be beneficial to performance (L. Zhang et al. 2021).
combination/interaction occurs ‘early’. Indeed, recent work have indicated that this ‘early’ interaction between 
such as VISUALBERT (L. H. Li et al. 2019) or VL-BERT (Su et al. 2019), i.e. in such a model the modal 
is to use a unified architecture, where a single embedding model that takes both modalities as input is trained, 
Jiang et al. 2018), i.e. modal combination/interaction only occurs ‘late’ in the process. A less explored alternative 
encoders separately, and then feed the output of those encoders into a final classification model (Yang et al. 2016;
question answering (Goyal et al. 2017). The majority of approaches to tackle these tasks train text and image 
multi-modal tasks that have been previously investigated, including visual reasoning (Suhr et al. 2018) and visual 
i.e. they only consider a single modality (text or images). On the other hand, there are a number of relevant 
State-of-the-art in Multi-modal Learning: As noted earlier, most prior works in machine learning are uni-modal, 
CNNs, making them more prone to error when shown examples that significantly diverge from the training set. 
2022) have noted that transformer-based models appear to lack the same generalization capabilities as equivalent 
expensive to pre-train (over 2,500 TPUv3-core days). Furthermore, other works (Stowe et al. 2016; Zijun et al. 
the attention mechanism globally with minimal modifications to the transformer architecture, but was incredibly 
For example, the recent ViT model (Stowe et al. 2016) is the first vision transformer model that was able to apply 
computational complexity and hence cost of training such models makes transformers less attractive in practice. 
other pixel (and those pixel’s relative position in the image). While this results in a more expressive model, the 
Weissenborn et al. 2020), since their attention mechanism makes the embedding of each pixel dependent on every 
on the other hand are a more recent innovation that have been seen as less suitable for images (Parmar et al. 2018;
choices as baselines, such as ResNet152 (He et al. 2016) and VGG (Simonyan and Zisserman 2015). Transformers 
discard the rest, enabling them to better generalize to unseen examples. As a result, pre-trained CNNs are popular 
CNNs are advantaged here, as their convolutional structure forces them to find the parts of the image that matter and 
more pixels in an image than words in a sentence), meaning effective dimensionality reduction is key. Architecturally 
for image classification. The reason for this is the input dimensionality is much higher for images than text (there are 
neural networks (CNNs); and transformers. CNNs have traditionally been the dominant neural network type used 
neural model. On the other hand, unlike for text, there are currently two competing architectures: convolutional 
extract and embed from the image. A separate model or classification layer can then be trained on-top of the deep 
object detection (Girshick et al. 2014; Ren et al. 2017; Redmon et al. 2016), enabling it to learn what is important to 
before, the deep neural network will have been pre-trained on a number of tasks, such as image classification or 
from the image as input, which is fed into a deep neural network that extracts some meaning from the image. As 
categorization is also dominated by deep learned models. In this case, the item embedding step takes the pixel data 
State-of-the-art in Image Categorization: Like text-based categorization discussed above, supervised image 
Bouzidi et al. 2021), thus, in this paper we only experiment with deep learning-based approaches.
repeatedly shown to be more effective than classical models (Long and McCreadie 2021; McCreadie et al. 2020;
classification layer/model is produced. For crisis categorization of tweet texts, tuned deep learned models have been 
the pre-trained model is ‘tuned’ (subjected to further training on the target task), usually at the same time the 
2019). Specifically, these models can be applied for various downstream target tasks via transfer learning, where 
2019), or BERT model (Devlin et al. 2018b) and its variants (Peters et al. 2018; Mukherjee et al. 2021; Liu et al. 
text categorization works use one of these pre-trained neural language models, such as the GPT (Radford et al. 
sequences of text, pre-trained on very large corpora for a range of natural language processing tasks. Today, most 
pre-trained deep neural language model, which is a highly complex but general language model for embedding 
text (Simonyan and Zisserman 2014; Razavian et al. 2014; Antonellis et al. 2015). This has led to the modern 
developed, that increased the complexity of the embedding model to better capture meaning from sequences of 
designed to assign similar embeddings to words with a similar meaning. Soon afterwards, ‘deep’ alternatives were 
Chen, et al. 2013). These approaches largely solved the semantic mismatch problem, as the pre-trained models are 
transform each word into a vector, and those vectors are combined to form a single vector for the text (Mikolov, 
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if we use older components like past works (Ofli et al. 2020; Zou et al. 2021) did, then any gains observed from
multi-modal combinations might be similarly achieved by making the baselines stronger. For this reason, we first
start with the most effective uni-modal pre-trained models from the literature, tune them for the target task, and then
optimise the training hyperparameters. We discuss the implementation of these models below:

Uni-Modal: Text: When implementing a text categorization model, there are two main decisions that need to me
made: 1) how to embed the text; and 2) how to train the classification layer. For the embedding, we experiment with
two approaches:

• Word2vec: Although not the focus of this work, we include a shallow word-embedding approach as a point
of comparison. In particular, we report the performance of well known Word2Vec model trained using the
Continuous Bag-of-Words (CBOW) approach (Mikolov, Sutskever, et al. 2013). In particular, we use the
same word-embedding model as (Ofli et al. 2020).

• BERT: As discussed earlier, state-of-the-art text embeddings use pre-trained transformer-based models,
hence we do the same using BERT (Devlin et al. 2018a). There are two frequently used versions of the BERT,
BERT-Base uncased and BERT-Large uncased. We use BERT-base uncased (referred to as BERT-base) here
due to the very high memory overheads of BERT-Large uncased. As input to BERT, tweets are first subject
to stopword removal using SPACY2, followed by the default word-piece tokenizer (Rai and Borah 2021).
The pre-trained BERT model expects a fixed length input. To achieve this, we perform zero-padding for any
tweets with fewer than 100 (word-piece) tokens. Following best practices, we fine-tuned the pre-trained
BERT model on the training/validation components of the CrisisMMD dataset (AdamW optimiser and ReLU
activation function) with a softmax output layer.

Meanwhile, for the classification model we experiment with three variants of neural layer on-top of the text
embedding, summarized below. For the remainder of this paper, we will use a short-hand notation to refer to the
construction of the classification model/layers used, as follows. Dense(n) refers to n dense fully connected layers,
while Conv(n) refers to n convolutional layers. Norm denotes a batch normalization layer, while DO denotes a
drop-out layer. A/B(n) represents a grouping of n B layers with n-1 A layers in-between. The | symbol is used to
connect layers. Later when we discuss multi-modal models, Concat is used to denote the concatenation of two
dense layers, one from each modality.

• DO|Dense(1): A single drop-out layer (rate of 0.1) followed by a single dense neural layer. In effect, the
single dense layer acts similarly to a linear regression model.

• DO/Dense(3): Three fully connected neural layers with decreasing sizes of 200, 100 and 50. Two dropout
layers are applied between these three layers to prevent over-fitting, with dropout rates of 0.2 and 0.02,
respectively. This provides a more expressive classification layer for the down-stream task.

• Norm/Conv(3)|Dense: As a point of comparison, we include the same configuration of head as (Ofli et al.
2020). This approach uses a CNN-based classifier, comprised of three convolutional layers with normalization
layers in between, followed by a dense fully connected layer. The convolutional layers of increasing size
[100,150,200] and use kernel sizes/pooling lengths [2,3,4].

All three variants are trained on the training/validation components of the CrisisMMD dataset using either the
Adam or AdamW optimiser (reported in the result table), a batch size of 32 and using the ReLU activation function.

Uni-Modal: Images: For training uni-modal image categorizers, the primarily influencing factor is the pre-trained
model that we use to generate the image embeddings. For our later experiments, we compare three different
pre-trained deep neural image models:

• VGG16: A CNNs based network proposed by (Simonyan and Zisserman 2015) which has 16 convolutional
layers and performs well on wide range of tasks. It is pretrained on ImageNet dataset (Russakovsky et al.
2015).

• ResNet50: A variant of ResNet with 50 layers. It is pretrained on ImageNet dataset (Russakovsky et al. 2015).

• ResNet152: A variant of ResNet with 152 layers. It is pretrained on ImageNet dataset (Russakovsky et al.
2015).

2https://spacy.io/
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just because a text and image pair comes from the same tweet, this does not mean that they have the same label.
This dataset provides a total of 16,058 tweet texts and 18,082 tweet images labelled for these two tasks. However, 

  injured or dead people; missing or found people; other relevant information; not humanitarian related.
  categories: infrastructure and utility damage; vehicle damage; rescue, volunteering, or donation efforts;

• Humanitarian Categories: Given an image, or tweet, or both, categorize it into one of the following

  purposes, defined as useful for providing assistance to people in need.
• Informative vs. Not Informative: A given tweet text or image whether is useful for humanitarian aid

contains provides tweets and human annotated labels for two crisis informatics tasks:
Dataset: Currently the most widely used multi-modal crisis dataset is CrisisMMD (Alam et al. 2018). This dataset 

EXPERIMENTAL SETUP

Adam optimiser and the ReLU activation function.
As for the uni-modal models, we trained on the training/validation components of the CrisisMMD dataset using the 

  fully connected layer).
  classifier. However, this is only comprised of two convolutional layers (size [500,100], followed by a dense
  classification layer used by (Ofli et al. 2020). Like for the text-only variant, this approach uses a CNN-based

• Concat|Conv(3)|Dense: In a similar way to the text uni-modal, we also compare against the fusion

  by two more dense layers (sizes [500,100] with dropout layers in between (dropout rates [0.4,0.2,0.02])).
  modalities, that are concatenated. These features are then passed through a batch normalisation layer, followed

• Concat|Norm|DO|DO/Dense(2): We add one extra dense layers with dimension 1200 for each of the two

uni-modal models:
particular, we experiment with two classification layer configurations on top of the embedding components of the 
and a CNN for images), our only option here is to follow a late interaction strategy, as illustrated in Figure 1. In 
Since we wish to combine existing single-modality models that have different architectures (a transformer for text 
in the related work, there are two broad strategies for multi-modal construction: early interaction; and late interaction. 
comparison, we next describe how we integrate these models to form an effective multi-modal model. As discussed 
Multi-Modal: Text+Images: Having described the different uni-modal model baselines that we use later for 

we also experimented with larger batch sizes [16,32,64,128], that we report later.
CrisisMMD dataset using the Adam optimiser, a batch size of 16 and the ReLU activation function. For ResNet152, 
from earlier, this would simply be Dense(1)). We trained this layer on the training/validation components of the 
we instead replace their final dense classification layer with a new one for our target task (using our notation 
As these image models are designed for classification, rather than adding a new layer on top of the existing model, 

Figure 1. Details of models architecture
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Informativeness Task Humanitarian Categorization Task
Text Embedding Classification layer Optimizer Acc precision recall F1 Time Acc precision recall F1 Time
Word2Vec DO|Dense(1) adam 0.6565 0.5294 0.6565 0.5441 00:01:36 0.5246 0.278 0.5246 0.3634 00:01:32
Word2Vec DO/Dense(3) adam 0.5821 0.5582 0.5821 0.5676 00:02:35 0.4293 0.3644 0.4293 0.3813 00:02:23
Word2Vec Norm/Conv(3)|Dense adam 0.8080 0.8100 0.8100 0.8090 00:15:27 0.7040 0.7000 0.7000 0.6770 00:25:00
BERT-Base DO|Dense(1) adam 0.7927 0.8077 0.7927 0.7694 00:18:54 0.8063 0.8132 0.8063 0.8081 00:12:31
BERT-Base DO/Dense(3) adam 0.8201 0.829 0.8201 0.8058 00:18:42 0.8126 0.8188 0.8126 0.8137 00:12:36
BERT-Base Norm/Conv(3)|Dense adam 0.8627 0.8644 0.8627 0.8644 01:55:21 0.8084 0.8129 0.8084 0.8067 01:53:36
BERT-Base DO|Dense(1) adamw 0.8514 0.8503 0.8514 0.8507 00:13:08 0.8168 0.818 0.8168 0.8168 00:13:21
BERT-Base DO/Dense(3) adamw 0.8651 0.8638 0.8651 0.8620 00:19:42 0.8115 0.8177 0.8115 0.8121 00:13:32
BERT-Base Norm/Conv(3)|Dense adamw 0.8631 0.8622 0.8631 0.8625 01:55:01 0.8304 0.8345 0.8304 0.8318 01:55:01
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gains narrow dramatically when using BERT-base as the embedding model, with between 0-6% F1 gains observed
(Norm/Conv(3)|Dense) classifier resulted in an around 24% gain in Informativeness F1 performance. However, the 
layers is the most effective in nearly all cases. This is most notable for the Word2Vec based models, where the 
2020) (Norm/Conv(3)|Dense). As we can observe from Table 1, the classifier that includes the convolutional 
network comprised of multiple dense layers (DO/Dense(3)), and the classifier configuration used by (Ofli et al. 
configurations: 1) the simplest approach of adding a single dense layer (DO|Dense(1)), 2) adding a deeper 
model / layers that we use to convert the text embedding into a classification. We compare three different possible 
Text - Classification Layer Types: The second primarily variable that can impact performance is the classification 

for Informativeness and 83.2% for Humanitarian Categorization.
Word2Vec, as expected. Indeed, the best performing models for both tasks are BERT-Base model with 86.4% F1 
BERT-Base. Examining the F1 scores for both tasks in Table 1, we observe that BERT-Base consistently outperforms 
two approaches here, the shallow word embedding approach Word2Vec and the deep neural language model 
Text - Word2vec vs. BERT: The first factor of interest is the model that we use to embed the text. We compare 

is highlighted in bold. We discuss our observations below:
(Informativeness and Humanitarian Categorization). The highest performing uni-modal model under eadch metric 
model, while the remaining columns report the effectiveness and training time for that model on the two tasks 
reported in Table 1 (Text models) and Table 2 (Image models). The first three columns describe the setup of each 
model/layers for these two tasks, although we also optimise additional hyper-parameters as well. Our results are 
for both CrisisMMD tasks. Primarily, we are looking to find the most effective embedding and classification 
Based on the variables previously described in the Methodology section, we train a range of uni-modal models 

Finding Effective Uni-Modal Models

performance of the uni-modal and multi-modal models.
to form strong baselines to compare to; and 2) Uni-Modal vs. Multi-Modal Comparison, where we contrast the 
into two main components: 1) Finding Effective Uni-Modal Models, where we optimise the uni-modal models 
multi-modal (text+image) models produced for crisis content categorization. In particular, we divide this section 
In this section we report the results comparing the performances of both the uni-modal text, uni-modal image and 

EXPERIMENTAL RESULTS

classification head.
Word2Vec for test embedding and VGG16 for Image embedding, followed by a Concat|Norm/Conv(3)|Dense 
the same task, we compare against (Ofli et al. 2020) as a multi-modal baseline as well. For reference, this uses 
models that we can produce and the associated multi-modal models. However, as a recent paper that tackled 
when performing crisis content categorization. Hence, our primary comparison will be between the best uni-modal 
Baselines: Our overall goal in this paper is to determine to what extent we need to consider multi-modal evidence 

most represented categories).
test set. As such, we focus more on F1 as a primary metric as opposed to accuracy (which is biased towards the 
on the same test set of CrisisMMD. For Humanitarian Categorization, the prevalence of categories uneven in the 
classical classification metrics: accuracy, precision, recall and weighted F1-score. Note that all metrics are reported 
Metrics: We evaluate the performance of both the uni-modal and multi-modal models produced via the following 

2020).
agree. For the purposes of training and testing our models, we use the same train/validation/test split as (Ofli et al. 
Hence following prior work (Ofli et al. 2020) we only use tweets where the label for the text and image in a tweet 

Table 1. Crisis Content Categorization of Uni-Modal: Text models.
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Informativeness Task Humanitarian Categorization Task
Image Embedding Classification Layer Batch size Acc precision recall F1 Time Acc precision recall F1 Time
VGG16 Dense(1) 16 0.8330 0.8310 0.8330 0.8320 00:19:46 0.7680 0.7640 0.7680 0.7630 00:20:28
ResNet50 Dense(1) 16 0.8130 0.8188 0.8160 0.8174 00:16:32 0.7420 0.7370 0.7410 0.7390 00:16:17
ResNet152 Dense(1) 16 0.8239 0.8219 0.8208 0.8213 00:08:40 0.7626 0.7530 0.7620 0.7575 00:09:13
ResNet152 Dense(1) 32 0.8388 0.8366 0.8353 0.8359 00:14:11 0.7843 0.7692 0.7712 0.7702 00:14:55
ResNet152 Dense(1) 64 0.8437 0.8331 0.8299 0.8315 00:19:47 0.774 0.7652 0.7791 0.7721 00:20:16
ResNet152 Dense(1) 128 0.8573 0.8443 0.8437 0.8440 00:31:44 0.7830 0.7340 0.7960 0.7637 00:12:15

Table 2. Crisis Content Categorization of Uni-Modal: Image models.

Informativeness Task Humanitarian Categorization Task
Modalities Embeddings Classification Layer Acc precision recall F1 time Acc precision recall F1 time

Text BERT-Base DO/Dense(3) 0.8651 0.8638 0.8651 0.8620 00:19:42 0.8304 0.8345 0.8304 0.8318 01:55:01
Word2Vec Norm/Conv(3)|Dense 0.8080 0.8100 0.8100 0.8090 00:15:27 0.7040 0.7000 0.7000 0.6770 00:25:00

Images ResNet152 Dense(1) 0.8573 0.8443 0.8437 0.8440 00:31:44 0.7830 0.7340 0.7960 0.7637 00:12:15
VGG16 Dense(1) 0.8330 0.8310 0.8330 0.8320 00:19:46 0.7680 0.7640 0.7680 0.7630 00:20:28

Text+Images
Word2Vec+VGG16 Concat|Conv(3)|Dense 0.8440 0.8410 0.8400 0.8420 01:40:05 0.7840 0.7850 0.7800 0.7830 01:58:25
BERT-Base+ResNet152 Concat|Conv(3)|Dense 0.8728 0.8776 0.8743 0.8759 02:49:03 0.8220 0.8321 0.8225 0.8273 02:59:21
BERT-Base+ResNet152 Concat|Norm|DO|DO/Dense(2) 0.8977 0.8997 0.8977 0.8984 00:26:04 0.8670 0.8690 0.8670 0.8677 00:54:12

              
Proceedings of the 19th ISCRAM Conference – Tarbes, France 2022

CoRe Paper – Social Media for Crisis Management

83.2% and 76.3% F1), confirming results from their paper. On the other hand, this combined model is still quite
uni-modal models that comprise it, i.e. row 2 (text-only with 80.1% and 67.7% F1) and row 4 (image-only with 
model (row 5) achieved 84.2% and 78.3% F1 under each task, respectively. This is a marked increase over the two 
model with the uni-modal models that comprise it. Starting with the approach by (Ofli et al. 2020), the multi-modal 
use as a baseline. From Table 3, we make the following observations. First, we can compare each multi-modal 
Word2Vec+VGG16 into a Concat|Conv(3)|Dense classification layer is the approach by (Ofli et al. 2020), which we 
models. As before, we distinguish models based on the embedding approach and classification layer(s) used. The 
Table 3 reports a performance comparison between the best uni-modal models and three late interaction multi-modal 

significantly enhance performance over these best uni-modal models.
question: is multi-modal data key for these tasks? If so, by constructing multi-modal models we should be able to 
image-only models were slightly lower, achieving 84.4% and 77.2% F1 respectively. We now answer our core 
Categorization tasks. The best text-only models achieved 86.4% and 83.18% F1 respectively, while the best 
In the previous section we built optimised deep neural models for both CrisisMMD Informativeness and Humanitarian 

Uni-Modal vs. Multi-Modal Comparison

production system, but may slow down model development time if performing significant hyperparameter tuning.
that markedly increases training time to around 2 hours. We note that this should not be a significant issue for a 
on average. However, a notable exception here is the introduction of the convolutional layers in the text classifier, 
respectively. Generally, we observe that the training times for both text and image models is between 10-20 minutes 
different modalities. For all models Table 1 and Table 2 reports the training times for the text and image models, 
how long they take to train. This is more significant when working in a multi-modal space, as we need to train the 
Text vs. Image Efficiency: Finally, one of the practical considerations when building machine learned models is 

be a safer option.
ResNet as VGG16, we needed to use a larger batch size of 128 than VGG’s 16, so out-of-the-box VGG16 appears to 
VGG16 and the best ResNet model is only 0.2%. Although we note that to achieve equivalent performance with 
the pre-trained image models. For instance, for the Informativeness task, the difference in performance between the 
from the Table, in terms of F1 performance across the two tasks, there is little difference in performance between 
compare the VGG16, ResNet50 and ResNet152 pre-trained image embedding models in Table 2. As we can see 
layer is held constant for images. The most influential factor then is how we embed the images. In this case, we 
Image - VGG16 vs. ResNet: Moving to the image modality, we have fewer variables to consider, as the classification 

Categorization, simply changing the optimiser resulted in an increase in performance from 80.7% to 83.2%.
to be superior here, indeed in some scenarios it has a surprisingly large impact. For instance, for Humanitarian 
comparison of these two optimiser in Table 1. From our results, we can conclude that the AdamW optimiser appears 
is the optimiser that is used during training, with two common ones being Adam and AdamW. We also report a 
Text - Optimizer: Finally, when training the text classifier, a lesser factor that can influence the model performance 

comes at a significant cost in increased training time.
Hence, we conclude that it is better to include convolutional layers within the classifier, although we note that this 
for Informativeness and 0-2% gains for Humanitarian Categorization in comparison to using dense layers only. 

Table 3. Comparison of Uni-Modal and Multi-Modal models for Crisis Content Categorization.
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Task # Test Text+Images Text-Only Failed Image-Only Failed
Tweets Embeddings Classification Layer Outcome (BERT-Base, DO/Dense(3)) (ResNet152, Dense(1))

Informativeness 1534
BERT-Base+ResNet152 Concat|Norm|DO|DO/Dense(2)

Correct 75 (4.9%) 228 (14.9%)
Failed 126 (8.2%) 78 (5.0%)

Humanitarian Categorization 955 Correct 177 (11.5%) 199 (13.0%)
Failed 96 (6.3%) 81 (5.2%)
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text-only model, consistent 3-6% improvements are observed across the categories, with the exception of the
the distribution of these gains are not the same comparing across the uni-modal models. Comparing against the 
From Figure 2 we see that the multi-modal model improves performance across all 5 primary categories, however 

proportion of tweets in each pairing. The left-right centre diagonal represents correct classifications.
or donation effort" is denoted as "R". The values contained within each box and associated colours represent the 
represents "infrastructure and utility damage"; "O" denotes "Other relevant information"; and "Rescue, volunteering 
in the task, namely: "Affected individuals" is denoted as "A"; "N" represents the "not-humanitarian" category; "I" to 
models for the Humanitarian Categorization task. The axes on the confusion matrices denote the primary categories 
To examine where these errors occur in more detail, Figure 2 visualises the confusion matrices for the different 

incorrectly classified, even with the addition of multi-modal evidence.
multi-modal model, there is still significant scope for improvement, with between 5% to 8.2% of tweets remaining 
image evidence together can bring to crisis content categorization. On the other hand, we see that even with the best 
image models, 14.9% and 13% of tweets were corrected. This demonstrates again the value that integrating text and 
uni-models made. For the uni-modal text models, 4.9% and 11.5% of tweets were corrected, while for the uni-modal 
As we can see from ‘Correct’ rows in Table 4, the multi-modal model is correcting a large number of errors that the 

  scope for improvement available).
‘Failed’ rows indicate tweets which neither model classified correctly (indicating that more work is needed and the
‘Correct’ rows indicate errors that the uni-modal made that were fixed by the multi-modal model. The counts in the 

  number of cases where the multi-modal model succeeded, but the uni-modal models did not. Higher numbers in 
  of cases where both the multi-modal and uni-modal models failed, while the ‘Correct’ Outcome rows report the
  and image-only models failed also to classify correctly. In effect, the ‘Failed’ Outcome rows report the number
  number of test tweets the multi-modal model succeeded or failed to classify correctly, and the associated text-only
  comprise it. In particular, Table 4 reports for both Informativeness and Humanitarian Categorization tasks the
  We begin by contrasting the success and failures of the best multi-modal model against the uni-modal models that

Error Distribution Analysis

classification error distribution; and 2) provision and analysis of illustrative examples.
1) a failure analysis of the best models to see where the uni-modal and multi-modal models differ in terms of 
higher performance does not mean that it is more effective in all cases. We divide our analysis into two components:
produced to evaluate the strengths and weaknesses of these models. Indeed, just because a model overall has a 
Having answered our core question, we next perform additional analysis on the uni-modal and multi-modal models 

ADDITIONAL OBSERVATIONS AND DISCUSSION

expressive classification layer, if state-of-the-art performances are to be achieved.
however our results have highlighted the importance of using strong embeddings (particularly for text) and an 
Overall, we have shown that combining evidence from multiple modalities can bring marked gains in performance, 

best uni-modal models for these tasks.
90% F1 for the Informativeness task and 86.7% F1 for the Humanitarian Categorization task, which outperform the 
the transition to a more expressive classification layer results in a further marked increase in performance, to almost 
we replace the convolution-based classifier with a more expressive dense layer architecture (row 7). As we can see, 
task. However, one possibility is that the classification layer being used is not expressive enough. As such, we ask if 
task, although it is still slightly less effective than the best uni-modal model for the Humanitarian Categorization 
87.6% and 82.7% F1 respectively, which is more effective than the best uni-modal models for the Informativeness 
VGG16 with BERT-Base and ResNet152 the resulting model (row 6) exhibits much higher overall performance:
next compare how using more effective embeddings can increase performance. If we simply replace Word2Vec and 
weak in terms of overall performance in comparison to the best uni-modal models we created earlier. Hence, we 

models.
Table 4. Comparison of the number of tweets classified correctly and incorrectly by the uni-modal and multi-modal 
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Figure 2. Confusion matrices for the uni-modal and multi-modal models. Due to the name of each class being too
long, "Affected individuals" is denoted as "A"; "N" represents the "not-humanitarian" category; "I" to represents
"infrastructure and utility damage"; "O" denotes "Other relevant information"; and "Rescue, volunteering or
donation effort" is denoted as "R".

affected individuals category that has a larger 12% uplift. However, in contrast, the image-only model performs
particularly poorly on two categories: affected individuals (0% correct) and Rescue, volunteering or donation effort
(48% correct). As a result, the associated up-lift from the multi-modal combination is larger. It is also worth
highlighting that the gains we are seeing here are not simply additive, i.e. the multi-modal model is able to classify
tweets correctly that neither of the uni-modal models could. We can see this most clearly in the case of the affected
individuals class, where the text model classified 44% of the tweets correctly and the image model classified 0%
correctly, but the combination in the multi-modal model managed to classify a larger 56% of the tweets in this class
correctly.

Analysis of Illustrative Classification Examples

Finally, we provide several illustrative examples to provide insights into the success and failure modes of the
multi-modal model. To begin, Figure 3 shows three examples where the multi-modal model correctly categorises
tweets, but the uni-modal models do not. Examples (a) and (b) show cases where the image unimodal model failed,
but the multi-modal model makes the right prediction. Specifically, they illustrate scenarios when the images’
contents are vague or not informative, but the text message is very clear. Example (c) in contrast, is a tweet that the
text model gave the wrong prediction, but the multi-modal model correctly classifies it through the use of features
from the image.
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and image present different information; the text indicates that there is no need for immediate rescue, but the image
for the model to determine the core subject of the tweet. Meanwhile, example (b) illustrates a case where the text 
correctly. For instance, in example (a), the text and image present a large volume of information, making it difficult 
tweets where both uni-modal models incorrectly classified the tweet, but the multi-modal model classified it 
the content than is possible from one modality alone. Figure 4 provides examples where this occurs, by showing 
additive, i.e. it is learning how to relate both the text and image evidence together to gain a deeper understanding of 
Furthermore, as we noted in the error distribution analysis, the gains from the multi-modal model are not simply 

Figure 3. Examples of multi-modal model filter misleading info in single modality.
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shows an injured person. Example (c) is a difficult tweet to classify, as the text contains many keywords that are
related to crises, but the actual content is not relevant to the current crisis being investigated.

Figure 4. Examples of multi-modal model beats uni-modal model.

On the other hand, the multi-modal model is not always better than the uni-modal models, although these cases
are rare (85 examples). From analysing these, there seem to be two broad failure modes. First failure mode is
cases where the model appears to have been misled by examples where the true label is debatable. For instance,
Figure 5, (a) and (b) describe a similar story of how a hero acted during the crisis, but assessors give different labels
to them, making it likely that the model will learn the wrong patterns. Meanwhile, there are also a small number of
labelling errors, such as example (c), where the assessor selected "not informative", but we believe this tweet should
be "informative". The second broad scenario is cases where both the text uni-modal model and image uni-modal
model give consistent predictions but the multi-modal model produces a different (incorrect) prediction, such as the
examples shown in Figure 6 for the Informativeness task. We suspect that if the multi-modal model identifies a
weak connection between the text and image, the model would judge that neither information within the text nor
image to be informative, but this would require more analysis to determine definitively.
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considering all the modalities within social media data is important. In particular, we perform a study where we
multiple modalities. As a step towards building more effective crisis response tooling, we investigate to what extent 
challenging to extract information from due to their un-structured nature and the presence of information across 
Social media is a critical platform for emergency response agencies to acquire actionable information, but are 

CONCLUSIONS

Figure 5. Examples of problem of true label in CrisisMMD dataset.

1077 



Is Multi-Modal Data Key for Crisis Content Categorization on Social Media?Zijun Long et al.

   
Proceedings of the 19th ISCRAM Conference – Tarbes, France 2022

CoRe Paper – Social Media for Crisis Management

  vision and pattern recognition, pp. 6904–6913.
  role of image understanding in visual question answering”. In: Proceedings of the IEEE conference on computer

Goyal, Y., Khot, T., Summers-Stay, D., Batra, D., and Parikh, D. (2017). “Making the v in vqa matter: Elevating the
  CVPR 2014, Columbus, OH, USA, June 23-28, 2014. IEEE Computer Society, pp. 580–587.
  Detection and Semantic Segmentation”. In: 2014 IEEE Conference on Computer Vision and Pattern Recognition,

Girshick, R. B., Donahue, J., Darrell, T., and Malik, J. (2014). “Rich Feature Hierarchies for Accurate Object
  pp. 6639–6648.
  Pattern Recognition, CVPR 2019, Long Beach, CA, USA, June 16-20, 2019. Computer Vision Foundation / IEEE,
  Inter-Modality Attention Flow for Visual Question Answering”. In: IEEE Conference on Computer Vision and

Gao, P., Jiang, Z., You, H., Lu, P., Hoi, S. C. H., Wang, X., and Li, H. (2019). “Dynamic Fusion With Intra- and
  Data 4.2, p. 84.
  (2019). “Pedagogical Demonstration of Twitter Data Analysis: A Case Study of World AIDS Day, 2014”. In:

Fung, I. C.-H., Yin, J., Pressley, K. D., Duke, C. H., Mo, C., Liang, H., Fu, K.-W., Tse, Z. T. H., and Hou, S.-I.
  for language understanding”. In: arXiv preprint arXiv:1810.04805.

Devlin, J., Chang, M.-W., Lee, K., and Toutanova, K. (2018b). “Bert: Pre-training of deep bidirectional transformers
  for language understanding”. In: arXiv preprint arXiv:1810.04805.

Devlin, J., Chang, M.-W., Lee, K., and Toutanova, K. (2018a). “Bert: Pre-training of deep bidirectional transformers
  In: Proceedings of SAI Intelligent Systems Conference. Springer, pp. 12–30.

Bouzidi, Z., Boudries, A., and Amad, M. (2021). “Deep Learning and Social Media for Managing Disaster: Survey”.
Geotechnical and Geoenvironmental Engineering 141.5, p. 04015009.
“Shake Table Test of Large-Scale Bridge Columns Supported on Rocking Shallow Foundations”. In: Journal of 
Antonellis, G., Gavras, A. G., Panagiotou, M., Kutter, B. L., Guerrini, G., Sander, A. C., and Fox, P. J. (May 2015).

  California, USA, June 25-28, 2018. AAAI Press, pp. 465–473.
  In: Proceedings of the Twelfth International Conference on Web and Social Media, ICWSM 2018, Stanford,

Alam, F., Ofli, F., and Imran, M. (2018). “CrisisMMD: Multimodal Twitter Datasets from Natural Disasters”.

REFERENCES

providing insights into where it is more effective.
the multi-modal model. We also provided an analysis of the success and failure modes of the multi-modal model, 
resulting in examples that could not be correctly be classified by any uni-modal model being classified correctly by 
chose a uni-model to apply on a case-by-case basis, but is rather learning how to fuse the evidence from both –
Moreover, through analysis of these models, we demonstrated that the multi-modal model is not simply learning to 
4% increase in Humanitarian Categorization F1 performance when moving from uni-model to multi-modal models. 
categorization. In particular, we observed around a 6% gain in F1 performance for the Informativeness task, and a 
demonstrate that marked gains in performance can be achieved by fusing text and image evidence for crisis content 
Through experimentation on over both the CrisisMMD Informativeness and Humanitarian Categorization tasks, we 
compare state-of-the-art uni-modal and multi-modal models to see what benefits the multi-modal models can bring. 

Figure 6. Examples of multi-modal model perform worse than uni-modal model.

1078 



Zijun Long et al. Is Multi-Modal Data Key for Crisis Content Categorization on Social Media?

He, K., Zhang, X., Ren, S., and Sun, J. (2016). “Deep Residual Learning for Image Recognition”. In: 2016 IEEE
Conference on Computer Vision and Pattern Recognition, CVPR 2016, Las Vegas, NV, USA, June 27-30, 2016.
IEEE Computer Society, pp. 770–778.

Jiang, Y., Natarajan, V., Chen, X., Rohrbach, M., Batra, D., and Parikh, D. (2018). “Pythia v0. 1: the winning entry
to the vqa challenge 2018”. In: arXiv preprint arXiv:1807.09956.

Joulin, A., Grave, E., Bojanowski, P., and Mikolov, T. (2016). “Bag of tricks for efficient text classification”. In:
arXiv preprint arXiv:1607.01759.

Kumar, S., Barbier, G., Abbasi, M. A., and Liu, H. (2011). “TweetTracker: An Analysis Tool for Humanitarian and
Disaster Relief”. In: Proceedings of the Fifth International Conference on Weblogs and Social Media, Barcelona,
Catalonia, Spain, July 17-21, 2011. The AAAI Press.

Kumar, S., Morstatter, F., Zafarani, R., and Liu, H. (2013). “Whom should I follow?: identifying relevant users
during crises”. In: 24th ACM Conference on Hypertext and Social Media (part of ECRC), HT ’13, Paris, France -
May 02 - 04, 2013. ACM, pp. 139–147.

Li, L. H., Yatskar, M., Yin, D., Hsieh, C.-J., and Chang, K.-W. (2019). “Visualbert: A simple and performant
baseline for vision and language”. In: arXiv preprint arXiv:1908.03557.

Liu, Y., Ott, M., Goyal, N., Du, J., Joshi, M., Chen, D., Levy, O., Lewis, M., Zettlemoyer, L., and Stoyanov, V.
(2019). “RoBERTa: A Robustly Optimized BERT Pretraining Approach”. In: CoRR abs/1907.11692.

Long, Z. and McCreadie, R. (2021). “Automated Crisis Content Categorization for COVID-19 Tweet Streams”. In:
18th International Conference on Information Systems for Crisis Response and Management.

McCreadie, R., Buntain, C., and Soboroff, I. (2020). “Incident Streams 2019: Actionable Insights and How to Find
Them”. In.

Mikolov, T., Chen, K., Corrado, G., and Dean, J. (2013). “Efficient estimation of word representations in vector
space”. In: arXiv preprint arXiv:1301.3781.

Mikolov, T., Sutskever, I., Chen, K., Corrado, G. S., and Dean, J. (2013). “Distributed representations of words and
phrases and their compositionality”. In: Advances in neural information processing systems 26.

Mukherjee, S., Awadallah, A. H., and Gao, J. (2021). “XtremeDistilTransformers: Task Transfer for Task-agnostic
Distillation”. In: CoRR abs/2106.04563.

Nagar, R., Yuan, Q., Freifeld, C. C., Santillana, M., Nojima, A., Chunara, R., and Brownstein, J. S. (2014). “A case
study of the New York City 2012-2013 influenza season with daily geocoded Twitter data from temporal and
spatiotemporal perspectives”. In: Journal of medical Internet research 16.10, e236.

Ofli, F., Alam, F., and Imran, M. (2020). “Analysis of social media data using multimodal deep learning for disaster
response”. In: arXiv preprint arXiv:2004.11838.

Parmar, N., Vaswani, A., Uszkoreit, J., Kaiser, L., Shazeer, N., Ku, A., and Tran, D. (2018). “Image transformer”.
In: International Conference on Machine Learning. PMLR, pp. 4055–4064.

Peters, M. E., Neumann, M., Iyyer, M., Gardner, M., Clark, C., Lee, K., and Zettlemoyer, L. (2018). “Deep
contextualized word representations”. In: arXiv preprint arXiv:1802.05365.

Purohit, H., Castillo, C., Imran, M., and Pandey, R. (2018). “Social-eoc: Serviceability model to rank social media
requests for emergency operation centers”. In: 2018 IEEE/ACM International Conference on Advances in Social
Networks Analysis and Mining (ASONAM). IEEE, pp. 119–126.

Radford, A., Wu, J., Child, R., Luan, D., Amodei, D., and Sutskever, I. (2019). “Language models are unsupervised
multitask learners”. In: OpenAI blog 1.8, p. 9.

Rai, A. and Borah, S. (2021). “Study of various methods for tokenization”. In: Applications of Internet of Things.
Springer, pp. 193–200.

Razavian, A. S., Azizpour, H., Sullivan, J., and Carlsson, S. (June 2014). “CNN Features Off-the-Shelf: An
Astounding Baseline for Recognition”. In: 2014 IEEE Conference on Computer Vision and Pattern Recognition
Workshops.
Redmon, J., Divvala, S. K., Girshick, R. B., and Farhadi, A. (2016). “You Only Look Once: Unified, Real-Time
Object Detection”. In: 2016 IEEE Conference on Computer Vision and Pattern Recognition, CVPR 2016, Las
Vegas, NV, USA, June 27-30, 2016. IEEE Computer Society, pp. 779–788.

     
Proceedings of the 19th ISCRAM Conference – Tarbes, France 2022

  CoRe Paper – Social Media for Crisis Management 
1079 



Zijun Long et al. Is Multi-Modal Data Key for Crisis Content Categorization on Social Media?

Ren, S., He, K., Girshick, R. B., and Sun, J. (2017). “Faster R-CNN: Towards Real-Time Object Detection with
Region Proposal Networks”. In: IEEE Trans. Pattern Anal. Mach. Intell. 39.6, pp. 1137–1149.

Russakovsky, O., Deng, J., Su, H., Krause, J., Satheesh, S., Ma, S., Huang, Z., Karpathy, A., Khosla, A., and
Bernstein, M. (2015). “Imagenet large scale visual recognition challenge”. In: International journal of computer
vision 115.3, pp. 211–252.

Shekhar, H. and Setty, S. (2015). “Disaster analysis through tweets”. In: 2015 International Conference on Advances
in Computing, Communications and Informatics (ICACCI). IEEE, pp. 1719–1723.

Simonyan, K. and Zisserman, A. (2014). Very Deep Convolutional Networks for Large-Scale Image Recognition.
arXiv: 1409.1556 [cs.CV].

Simonyan, K. and Zisserman, A. (2015). “Very Deep Convolutional Networks for Large-Scale Image Recognition”.
In: 3rd International Conference on Learning Representations, ICLR 2015, San Diego, CA, USA, May 7-9, 2015,
Conference Track Proceedings. Ed. by Y. Bengio and Y. LeCun.

Stowe, K., Paul, M. J., Palmer, M., Palen, L., and Anderson, K. (2016). “Identifying and Categorizing Disaster-
Related Tweets”. In: Proceedings of The Fourth International Workshop on Natural Language Processing for
Social Media, SocialNLP@EMNLP 2016, Austin, TX, USA, November 1, 2016. Association for Computational
Linguistics, pp. 1–6.

Su, W., Zhu, X., Cao, Y., Li, B., Lu, L., Wei, F., and Dai, J. (2019). “Vl-bert: Pre-training of generic visual-linguistic
representations”. In: arXiv preprint arXiv:1908.08530.

Suhr, A., Zhou, S., Zhang, A., Zhang, I., Bai, H., and Artzi, Y. (2018). “A corpus for reasoning about natural
language grounded in photographs”. In: arXiv preprint arXiv:1811.00491.

To, H., Agrawal, S., Kim, S. H., and Shahabi, C. (2017). “On identifying disaster-related tweets: Matching-based
or learning-based?” In: 2017 IEEE third international conference on multimedia big data (BigMM). IEEE,
pp. 330–337.

Weissenborn, D., Täckström, O., and Uszkoreit, J. (2020). “Scaling Autoregressive Video Models”. In: 8th
International Conference on Learning Representations, ICLR 2020, Addis Ababa, Ethiopia, April 26-30, 2020.

Widener, M. J. and Li, W. (2014). “Using geolocated Twitter data to monitor the prevalence of healthy and unhealthy
food references across the US”. In: Applied Geography 54, pp. 189–197.

Yang, Z., He, X., Gao, J., Deng, L., and Smola, A. (2016). “Stacked attention networks for image question answering”.
In: Proceedings of the IEEE conference on computer vision and pattern recognition, pp. 21–29.

Ye, X., Li, S., Yang, X., and Qin, C. (2016). “Use of social media for the detection and analysis of infectious diseases
in China”. In: ISPRS International Journal of Geo-Information 5.9, p. 156.

Yin, J., Karimi, S., Lampert, A., Cameron, M. A., Robinson, B., and Power, R. (2015). “Using Social Media to
Enhance Emergency Situation Awareness: Extended Abstract”. In: Proceedings of the Twenty-Fourth International
Joint Conference on Artificial Intelligence, IJCAI 2015, Buenos Aires, Argentina, July 25-31, 2015. AAAI Press,
pp. 4234–4239.

Zhang, L., Wu, H., Chen, Q., Deng, Y., Li, Z., Kong, D., Cao, Z., Siebert, J., and Han, Y. (2021). “VLDeformer:
Learning Visual-Semantic Embeddings by Vision-Language Transformer Decomposing”. In: arXiv preprint
arXiv:2110.11338.

Zhang, Y., Jin, R., and Zhou, Z.-H. (2010). “Understanding bag-of-words model: a statistical framework”. In:
International Journal of Machine Learning and Cybernetics 1.1-4, pp. 43–52.

Zijun, L., McCreadie, R., and Gerardo, A.-C. (2022). “ConMAE: Bringing Inductive Bias to Vision Transformers
via Supervised Contrastive Learning”. In.

Zou, Z., Gan, H., Huang, Q., Cai, T., and Cao, K. (2021). “Disaster Image Classification by Fusing Multimodal
Social Media Data”. In: ISPRS International Journal of Geo-Information 10.10.

     
Proceedings of the 19th ISCRAM Conference – Tarbes, France 2022

  CoRe Paper – Social Media for Crisis Management 
1080 

https://arxiv.org/abs/1409.1556


Salza et al. A ’glocal’ approach for real-time emergency event detection in Twitter

A ’glocal’ approach for real-time
emergency event detection in Twitter

Dario Salza
dario.salza@linksfoundation.com

Edoardo Arnaudo
edoardo.arnaudo@polito.it

edoardo.arnaudo@linksfoundation.com

Giacomo Blanco
giacomo.blanco@linksfoundation.com

Claudio Rossi
claudio.rossi@linksfoundation.com

ABSTRACT

Social media like Twitter offer not only an unprecedented amount of user-generated content covering developing
emergencies but also act as a collector of news produced by heterogeneous sources, including big and small media
companies as well as public authorities. However, this volume, velocity, and variety of data constitute the main
value and, at the same time, the key challenge to implement and automatic detection and tracking of independent
emergency events from the real-time stream of tweets. Leveraging online clustering and considering both textual
and geographical features, we propose, implement, and evaluate an algorithm to automatically detect emergency
events applying a ‘glocal’ approach, i.e., offering a global coverage while detecting events at local (municipality
level) scale.

Keywords

Emergency, Event Detection, Social Media, Twitter, Incremental Clustering

INTRODUCTION

Under emissions in line with current pledges under the Paris Agreement, global warming is expected to surpass
1.5°C above pre-industrial levels, even if these pledges are supplemented with very challenging increases in the
scale and ambition of mitigation after 2030 (Allen et al. 2018). Despite this slight increase, the consequences
of global warming are already observable to this day, with the number and intensity of certain natural hazards
in continuous growth (e.g. extreme weather events, floods, wildfires). Social networks have often assumed a
crucial role as means of mass communication during such emergencies in the recent years, thanks to their pervasive
reach, counting 3.6 billion users worldwide as of 2020 (Statista 2021). They constitute a powerful and versatile
bidirectional channel, allowing on one side authorities and news agencies to quickly alert and instruct a wide
audience in the population; on the other, citizens to submit reports and multimedia from the field that are of
inestimable value for modern journalism. These may also be extremely beneficial to first responders, decision
makers and practitioners who could exploit this exhaustive and widespread data to better assess the situation and
guide the decision making process. Despite social media use in emergency scenarios has been proposed for many
applications in many previous studies (Imran et al. 2015), the provision of a coherent and comprehensive overview
of emergency events remains a challenging task due to several reasons: first, social media represent inherently
heterogeneous and noisy data, thus posing significant issues for the retrieval and collection of informative content in
such critical scenarios. Second, information is seldom complete and provided in small fragments, which require
careful considerations for an accurate aggregation. Last, the high volume of multimedia resources, coupled with
their impressive publication rate, requires the implementation of an efficient processing pipeline, able to deal with
large quantities of near real-time data. Conveniently, it is often the case that the very same social media platforms
(e.g., Twitter) provide means to directly retrieve information as continuous pre-filtered streams, which facilitates the
adoption of emergency management services based on such kind of data.

To address the aforementioned challenges, in this work we propose, implement, and evaluate a comprehensive
methodology to automatically detect emergency events and collect relative content applying a glocal, holistic
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approach: while on one side we draw from the worldwide, unrestricted data stream, providing a global scale
coverage, on the other side we process elements at a local (municipality level) resolution, tracking smaller and
fragmented events. Our system thus satisfies the following requirements:

• The system should be able to operate in real time but produce a meaningful result even in retrospective, with
an unlimited number of simultaneous events. The set of tweets referencing an event should be part of the
produced output, and updated as new information becomes available.

• The system should detect both large- and small-scale events: while larger disasters offer often a continuous
arrival of information, tweets relative to smaller incidents usually are much more temporally sparse.

• Events should be defined by their location, type and time, and, when applicable, distinct events of the same
type in the same or neighboring locations should be detected separately. Event duration should be unbounded.

• The events should be able to span over multiple locations, whether they are a large-scale disaster or a minor
incident that is being reported in logically linked but different places (such as the actual location and its
overarching area, e.g. county or province). The same tweet may reference more than one separate event.

Our algorithm allows to filter social media posts, removing noise and unrelated content, and to group them within
candidate events, thus providing a content management technique that could make the exploitation of social media
sources during ongoing crisis viable also with limited human resources. Furthermore, for certain hazards, the
social media event detection could automatically trigger other downstream services aimed to perform an additional
validation step. For example, the detection of a flood event could trigger an automatic water mapping algorithm
using satellite Synthetic Aperture Radar (SAR) data, while the detection of a wildfire could be validated looking at
remote sensed hot spots delivered from satellites such as VIIRS and MODIS. Moreover, a curated list of emergencies
and incidents could support many retrospective applications, including trend and risk analysis, and simulation of
historical events considering additional prevention measures.

The remainder of this paper is organized as follows. After a review of related works and precedent approaches, we
describe our methodology, based on online clustering and considering both textual and geographical features. We
then present the results obtained processing real world data over an 8 month period and multiple languages (English,
Italian, Spanish), evaluating the outcome over multiple quality metrics and discussing future improvements.

RELATED WORK

Event detection algorithms applied to social media and especially Twitter content have been extensively studied
and classified according to specific taxonomies (Atefeh and Khreich 2015, Saeed et al. 2019). A first division
occurs between the detection of unspecified and specified events. In the first case, no prior information or filtering is
provided, often defining an event as a topic attracting the attention of a large quantity of users, causing a surge in
volume for some theme or entity in the general discussion. In the second case, several attributes of the event of
interest (current, past or planned) are known beforehand, such as location, time, or involved entities. Disaster-related
event detection systems often operate between these two extremes, analyzing streams filtered to include only a set of
topics or cover a specific geographical area of interest, but without any information on whether, when or where an
event of some kind will occur, attributes that are often the target of the detection.

A second division is the one between document-pivot and feature-pivot techniques. In the former, the full documents
(i.e., the tweets) are clustered according to their content similarity, while in the latter the volumetric evolution of
some unique features (single keywords or entities, locations) is analyzed and correlated. Lastly, event detection
systems may operate in near real-time, attempting a New Event Detection (NED) as additional information is
received from the streams, or a Retrospective Event Detection (RED), having available all the documents produced
in the time frame of interest.

Feature-pivot methods

Related to the problem of unspecified NED, Fedoryszak et al. 2019 and Long et al. 2011 extract cyclically relevant
and bursting entities, hashtags or keywords and place them as nodes in a clique graph where the edge weight
is a measure of co-appearance of the two entities. The correlated entities are then clustered using respectively
Louvain community detection and hierarchical divisive clustering, and the resulting groups are linked via Bipartite
Graph Matching with those produced at the previous cycle, creating cluster chains. With a similar approach,
Weng and Lee 2011 adopt wavelet transform to build entropy-based signals from the cyclical sampling of each
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word DF-IDF, filtering away trivial ones according to their auto-correlation. The graph built from the remaining
signals inter-correlation is then recursively partitioned to maximize modularity. These methods perform well in
detecting and linking generic trending entities and topics, but are unable to catch minor, temporally sparse events,
or distinguish similar but independent events.

Filtered-stream methods often exploit pure volumetric analysis: Sakaki et al. 2010 were able to detect earthquakes
in Japan before the official announcement of the relevant agency by evaluating the number of tweets containing
selected keywords and classified as event-relevant by an SVM-based model over time, using a probabilistic model to
confirm spikes in tweet count. In addition, the epicenter is estimated from the available geolocated tweets using
Kalman and particle filters. Leveraging only geolocated tweets, Dittrich and Lucas 2014 partition the area of interest
into a grid and for every cell a time-series anomaly detection is performed on the number of tweets localized inside
of it, hypothesizing a normal distribution. Considering then the tweets contained in each anomalous cell, the most
represented words are extracted and matched to a multilingual list of disaster-related keywords, and same-event-type
neighboring cells are merged in a unique event. Similarly, Thapen et al. 2016 detect geographically partitioned
time-series volumetric anomalies, but the cells have an irregular shape and are defined with a previous clustering
step, while the event topics are separated into independent streams beforehand. Considering independent tweet
streams by location, Hossny and Mitchell 2018 extract the word pairs most associated with protests as a first model
building step, then their daily count is used as input features to several classifiers to predict whether an event has
occurred in the location in that day. Volumetric-based methods are effective and reliable for major events, but
less so for minor or temporally sparse ones, and may be incapable or require significant resources to distinguish
neighboring same-type independent incidents.

Document-pivot methods

Considering only textual information, Hasan et al. 2016 apply a two-stage process looking for newsworthy events:
in the first step an incoming tweet is compared against a buffer of recent ones, forwarding it to the second step
only if it has at least one match with cosine similarity over a threshold. In the second stage, tweets are clustered
in incremental and greedy fashion, attaching a tweet to a cluster if its cosine similarity with the centroid is again
over a threshold, and merging clusters that match strongly with the same single tweet. Each stage has a lookup
map between the most informative keywords (determined via an incremental TD-IDF) and the tweet or cluster
match candidates, limiting the number of comparisons. A cluster is upgraded to event if contains at least 10 items
and satisfies additional criteria such as containing a link to a news portal. Petrović et al. 2010 and McCreadie
et al. 2013 follow a similar incremental clustering approach, leveraging Locality Sensitive Hashing to evaluate the
novelty and group in the same bucket similar tweets. Liu et al. 2016 use a stack of filters based on fuzzy rules, topic
modeling and classification algorithms to isolate tweets regarding breaking news, and perform a first aggregation to
create unit clusters of 3 tweets that contain similar Named Entities, hashtags and textual features. The unit clusters
are then further filtered by topic-level credibility and merged to compatible clusters contained in a 24 hour cache.
Once generic tweet clusters are composed from unfiltered streams, the type of referenced event can be determined
evaluating and matching their keywords against those recurring in disasters, as performed by Angaramo and Rossi
2018, or more advanced classifiers. Addressing specifically emergency events, Klein et al. 2013 use a Named
Entity Recognition (NER) model to extract from each tweet an emergency category given predefined keywords
and a location or an event name (e.g. Hurricane Sandy), then tweets with same tuple values are grouped together,
comparing locations also along administrative hierarchies.

Incorporating geographical features in a RED clustering process, the approach followed by Ghaemi and Farnaghi
2019 is to apply and expand the VDBSCAN algorithm to group geolocated tweets, employing exponential spline
interpolation to determine the different geographical search radiuses and imposing a minimum value of the textual
similarity for geographically neighboring elements to be clustered together. In a near real-time context, Zhou and L.
Chen 2014 propose LTT, an expansion of LDA taking in consideration beyond text content the location coordinates
and time to represent a tweet as a probability distribution over a fixed number of topics (periodically refreshed),
with the distance between messages computed as a combination of the bidirectional KL Divergence between the two
distributions and the user link similarity. The clustering of similar elements is then accelerated through an optimized
hash structure, considering hourly time slots, showing an application during Cyclone Ului and the Queensland
floods. Lastly, Becker et al. 2010 show an application of single pass threshold-based incremental clustering to group
related Flickr post using multiple and diverse features (textual content, tags, location, upload time), evaluating and
discussing the performance of both ensemble and learned similarity measures. Document-pivot methodologies can
detect minor events but can be complex to scale and suffer from the high quantity of noise and ambiguity present in
social media content. Taking into consideration geospatial features helps to disambiguate similar but independent
events and to partition or index intuitively the items, leading to improved scaling.
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SYSTEM DESCRIPTION

The overall pipeline is based on two main concepts: clusters and events. The former simply represents a collection
of similar documents and it is exploited as internal data structure, the latter can be seen as a promoted (flagged)
cluster that satisfies a set of required criteria, and constitute the output of the system. The general schematic of
the proposed system, parallel and independent for each language and hazard type combination, is reported in
Figure 1, and follows in the first part a greedy incremental clustering approach: tweets, received from a streaming
source or in batches, are individually preprocessed (Tweet Preprocessing) and attached to one or multiple clusters
(Incremental Clustering). Cyclically, this process is suspended, and several cluster management operations are
performed, such as Cluster Defragmentation, that finds and merges independent active clusters that may describe
the same event, having over time become similar or neighboring. In these first two steps all clusters, whether flagged
as event or not, have no difference in behavior. Subsequently, non-event clusters are evaluated for activation (Event
Activation), after which their content is purged if expired and they are removed if remained empty (Tweet and
cluster expiration).

Figure 1. Event detection pipeline, highlighting the major processing modules.

Regarding events, the system keeps in memory two sets: active and idle events. While the first are full clusters
that continue to accumulate tweets in the incremental clustering and defragmentation phases, the second ones are
excluded from these processes and keep a reduced representation in memory. Active events are converted into idle
ones when they reach a certain age (Event Idling), and these last are similarly removed from memory after a timeout
(Event Termination). Active events are periodically evaluated against idle ones, and, when matching, they inherit
their identifier, thus being set as a continuation of the same event (Idle Events Matching). After the completion of
all cluster management tasks the system loops, resuming the tweet preprocessing and clustering operations.

Tweet Preprocessing

A data ingestion module interfaced with Twitter’s streaming API (Twitter, Inc. 2021) continuously receives messages
in real time, querying for a list of emergency and disaster-related keywords for each language-hazard pair. The
retrieved tweets are immediately associated to one or more hazard types, including but not limited to those in
Table 1, according to the same keywords and thus allowing to partition the following steps by topic. Their textual
content is then cleaned from emojis, urls and unwanted characters, and tokenized. Each token is then mapped to
the equivalent pretrained MUSE multilingual embedding (Conneau et al. 2017), and the Convolutional Neural
Network model described in Piscitelli et al. 2021 classifies the tweet text’s information type, allowing to discard in
the following steps every element evaluated as Irrelevant Information to both remove noise and reduce volume.
Subsequently, a NER model based on the LSTM Neural Network described in Lample et al. 2016 and trained on the
Ontonotes dataset (Weischedel et al. 2012) using the same MUSE embeddings extracts the location names, that are
geocoded to the relative longitude and latitude bounding box using Nominatim (OpenStreetMap contributors 2021),
and date entities, that are parsed to the corresponding timestamp. A bounding box is considered rather than its
centroid point since the latter does not allow to compute distance correctly between neighboring or overlapping
wide areas. Tweets with no geographical information are ignored.

The tokenized textual content is then lemmatized and POS-tagged using the spaCy library (Honnibal et al. 2020),
removing non-keyword tokens using a set of accepted POS tags rather than relying on a fixed list of stop words
to remove (Table 1). In addition to this, we also remove some words that, while part of the allowed POS, are not
meaningful keywords useful to infer a distinction between different events (such as ‘breaking news’). In case of
foreign or proper nouns, a different lemmatization is sometimes extracted for the same word, therefore the original
token is kept as an alias along with the computed lemma. A single tweet is therefore represented as its tweet
and author id, information and hazard type, a set of unique keyword lemmas and hashtags, a list of geographical
bounding boxes and timestamps.
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Detected Hazard Types Storm; Landslide; Avalanche; Terrorism; Extreme temperatures; Earthquake;
Flood; Wildfire

Information Types Affected People; Caution and advice; Infrastructures and utilities; Donations,
volunteering or rescue efforts; Other useful information; Irrelevant information

Allowed POS Tags ADJ - Adjective; NOUN - Noun; NUM - Numeral; PROPN – Proper Noun;
VERB - Verb; X - Other

Table 1. Taxonomies for detected Hazard Types and Information Types, and allowed Part of Speech (POS) Tags.

Centroid structure and similarity metrics

Cluster centroids aggregate the content of the belonging tweets into three separate bag of words (that is, dictionaries
containing entity and number of references respectively as key and value), one for each of the features considered:
textual keywords, hashtags and locations. Additionally, they also keep the set of the unique ids of the documents
composing the cluster. When comparing a document or a cluster to another cluster, a similarity score for each
feature is computed independently, and then composed with a standard weighted sum:

𝑠𝑖𝑚 =
∑︁

𝑓 ∈{𝑡 ,ℎ,𝑔,𝑐}
_ 𝑓 · 𝑓

where 𝑡, ℎ, 𝑔 and 𝑐 respectively represent textual, hashtag, geographical and common element score. A constraint on
the minimum acceptable value is set for the text score, \𝑡𝑠 , otherwise the similarity score is set to zero regardless of
the actual value of the sum. This allows for geographically neighbouring hazards to have a lower textual similarity,
given that the probability of two events of the same type happening simultaneously is low, but requires a higher score
for larger scale distances or areas. All parameters values can be defined separately for each hazard type or language,
and although most values are otherwise shared across instances, the parameters most tied to the geographic features
and the plausible event scale indeed change between wide (e.g. earthquakes) and narrow (e.g. avalanches) disaster
types.

With text and hashtag BoW converted into a vector format, indexed by entity and valued by number of references,
the text score and hashtag score of two compared elements 𝑐𝐴 and 𝑐𝐵 are computed as the simple cosine similarity
between each pair of vectors. While the first element is always a centroid, the second can be both a centroid or a
document, in which case the number of references for each of its entities is considered to be equal to 1. Concerning
the 𝑔 score, defining a distance between polygons is a non-trivial task compared to the point-based case, as the
metric must convey not only a measurement of neighborhood, but also of same-event likelihood, which intuitively
should be smaller as the area of interest becomes wider. Additionally, a cluster centroid can contain more than one
location, therefore given a centroid 𝑐𝐴 and its most referenced location 𝑙𝑚𝑎𝑥

𝑐𝐴
, only the set of locations belonging

to 𝑐𝐴 whose number of references is over the absolute threshold 𝑇 = \𝑐𝑙 · 𝑟𝑒 𝑓 (𝑙𝑚𝑎𝑥
𝑐𝐴

) is considered. Then, given
all the possible permutation pairs of valid locations 𝑙𝑖𝑐𝐴 ∈ 𝑐𝐴 × 𝑙

𝑗
𝑐𝐵 ∈ 𝑐𝐵, the value of each pairwise 𝑔𝑖, 𝑗 score is

computed as:

𝑑𝑖, 𝑗 = 𝜙𝑑𝑠

(
𝐷𝑚𝑖𝑛 (𝑙𝑖𝑐𝐴 , 𝑙

𝑗
𝑐𝐵 )

)
𝐿𝑖, 𝑗 = 𝜙𝑙𝑠

(√︂
max

(
𝐴(𝑙𝑖𝑐𝐴), 𝐴(𝑙

𝑗
𝑐𝐵 )

))
𝑔𝑖, 𝑗 = min(𝑑𝑖, 𝑗 , 𝐿𝑖, 𝑗 )

excluding the transformation 𝜙, 𝑑𝑖, 𝑗 computes the minimum approximated Haversine distance between 𝑙𝑖𝑐𝐴 and 𝑙
𝑗
𝑐𝐵 ,

and is thus zero if the two locations are the same or overlap; 𝐿𝑖, 𝑗 represents the likelihood score, dependent on the
area of the largest of the two polygons; finally the 𝜙𝑡 function inverts and non-linearly shrinks (i.e., a greater surface
or distance produce a smaller score) the raw measurements to the [0, 𝑖𝑔] range, where the upper threshold 𝑖𝑔 ≤ 1.
The transformation is defined as:

𝜙𝑡 (𝑥) = min(𝑖𝑔, 𝑒−𝛾1,𝑡 · (𝑥+𝛾2,𝑡 )2
)

At this stage a constraint on the minimum distance is also enforced, and if 𝐷𝑚𝑖𝑛 (𝑙𝑖𝑐𝐴 , 𝑙
𝑗
𝑐𝐵 ) is not within the range

[0, \𝑚𝑑], 𝑔𝑖, 𝑗 is set to zero. Last, the final geographical score 𝑔 is set to the maximum value between all the pairwise
scores 𝑔𝑖, 𝑗 .
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Finally, the common element score 𝑐 is only defined when comparing generic clusters, 𝐴 and 𝐵, with at least three
tweets each, and refers instead to the ratio of common items between the two:

𝑐 = max
(
|𝐴 ∩ 𝐵 |
|𝐴| ,

|𝐴 ∩ 𝐵 |
|𝐵 |

)2
.

Whenever 𝑐 is greater than a predefined threshold, \𝑐𝑒𝑠 , the clusters are considered to be correlated independently
of their geographical distance, which may also be the result of a geocoding error, and the constraint on the value of
the minimum distance is ignored.

Incremental Clustering, Defragmentation, and Idle Event Matching

The clustering process is parallel and independent for every language and hazard type, and it follows the schematic
of two-pass incremental clustering: an element is first assigned to a cluster with highest similarity score that is over
a predefined threshold \𝑡𝑐, otherwise a new cluster is created. Then, to reduce fragmentation, recently modified
clusters are periodically compared and merged if their similarity is over a second threshold \𝑐𝑐𝑎.

Since a single tweet may be about more than one independent event and thus point to more than one location, the
first assignment is not performed directly on tweets, but rather once per named location: each surrogate document
used in the comparison, named hint, has the same identifier, text content and hashtags of the source post, but only
one of its geographic entities (see algorithm 1). The weight of each hint is equal to

𝑤 =
1

𝑐𝑜𝑢𝑛𝑡 (𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠 ∈ 𝑡𝑤𝑒𝑒𝑡)

and is exploited when updating the centroid after the assignment: for each feature’s BoW, the number of references
for all entities contained in the hint is increased by the weight 𝑤. In practice, if all the hints created from a tweet
are assigned to the same cluster, the references of the relevant entities all increase exactly by 1, except for the
geographical ones, that are not repeated between hints. However, it is also possible that hints from the same tweet
are assigned to separate clusters, thus the number of entity references in the centroids can be fractional. For both
hint assignation and cluster defragmentation, the candidates for comparison are selected and filtered by geographical
proximity using an index, reducing the number of operations and improving performance.

Algorithm 1 Incremental clustering
clusters = []
for tweet in stream(hazard, language) do

for location in tweet.locations do
h = hint(tweet.id, tweet.keywords, tweet.hashtags, location)
h.weight = 1 / len(tweet.locations)
candidates = get_neighbours(clusters, location)
best_cluster = argmax(similarity(h, c) for c in candidates)
best_score = similarity(hint, best_cluster)
if best_score < \𝑡𝑐 then
best_cluster = cluster()

end if
recompute_centroid(best_cluster, h)
update(clusters, best_cluster)

end for
end for

While all the clusters recently modified, flagged as event or not, are considered in the defragmentation process, only
those that have been activated are evaluated in the Idle Events Matching step. In this additional defragmentation
operation, whenever the similarity between a currently active event and an idle one is higher than \𝑐𝑐𝑖 , the active
cluster inherits the identifier and starting time of the older one (and as such is marked as its continuation), while the
older one is removed from memory, preventing further linking to the same event.

Event Activation

All clusters modified during the current cycle and not flagged as event yet are evaluated and activated if all the
following constraints are satisfied:
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• The number of unique tweet authors in the cluster is higher than a small threshold (3 for Italian, 5 for Spanish
and English), given that this metric was found in Petrović et al. 2010 to be more reliable than the simple
number of tweets to assess the relevance of a topic.

• Given the hash of the text content of each tweet, there is a collision (i.e., two tweets share the same text) for
less than 25% of the tweets in the cluster, to counteract uninformative clusters (such those formed by calls to
action, petitions and generic copy-and-paste content).

• Less than 70% percent of the tweets belong to the information type categories Caution and advice orDonation
and volunteering efforts, to prevent activation of clusters relative to an event yet to happen or that contain
little information on the event itself.

• The number of date entities referencing earlier than the previous week or in the future are less than those
referencing the current date, to prevent the activation of clusters referencing past events.

A cluster can be evaluated for activation in an unlimited number of cycles, as long as it gets updated and modified
by the inclusion of new tweets or the expiration of older ones.

Tweets and Cluster Expiration, Event Idling and Termination

Clusters must be activated and flagged as event within a time 𝜏𝑎𝑐𝑡 from the timestamp of the earlier tweets in the
cluster, otherwise all the relative hints are removed from the cluster, and their entities references are subtracted from
the centroid. If, after this removal, the cluster remains without tweets, it is then completely removed from memory.
Similarly, upon activation, the timestamp of the first tweet is set as the event start time, and the cluster lasts only
a fixed duration time 𝜏𝑑𝑢𝑟 . After this time has elapsed, the event is subsequently removed from the list of active
clusters and added to the idle ones. Since the continuation of the event is dependent on Idle Events Matching step
and thus on the existence of a second and compatible cluster, to help the aggregation to a unique cluster of new
incoming tweets related to the same event, a spinoff cluster is created. This cluster is equal to new empty clusters
and is not linked in any way to the originating one, except that is created with an already instantiated centroid, a
reduced copy of the original one produced by the process shown in algorithm 2, instead of an empty one.

Algorithm 2 Spinoff Instantiation
Require: original
spinoff = cluster()
oc = original.centroid
sc = spinoff.centroid
M = max(keyword.references for keyword in oc.keywords)
for keyword in oc.keywords do
keyword.references =

𝜎𝑡 𝑥

𝑀
· keyword.references

if keyword.references > \𝑠𝑝 then
sc.keywords.add(keyword)

end if
end for
sc.hashtags = oc.hashtags.sort_descending(by h.references for h).take(𝜎ℎ𝑔)
sc.geos = oc.geos.sort_descending(by g.references for g).take(𝜎ℎ𝑔)
sc.tweet_ids = empty_set()
return spinoff

This idling with spinoff-matching and continuation allows the events to have an unbounded lifespan and to change
over time, while decreasing the probability of a cluster slowly becoming boundless and continuous in time, an
eventuality observed in Angaramo and Rossi 2018. Finally, after a total 𝜏𝑡𝑜𝑡 = 𝜏𝑑𝑢𝑟 + 𝜏𝑒𝑛𝑑 from its start time, if the
event is still present in the idle event list, it is terminated and removed from memory, setting as end mark the time of
the last tweet associated with it.

EXPERIMENTS AND EVALUATION

Case study

As a case study for the proposed system, we fetched and clustered in real time tweets containing a set of predefined
keywords from January 1 2021 to August 31 2021, considering tweets in the English, Spanish and Italian languages.
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Tweet id Time Text

1361100018439094276 14/02/2021 23:48

snowboarder touring solo Sun am on Pat’s Knob / Mt Trelease
north of Loveland Pass buried / killed in an avalanche. Rescuers
spotted his deployed airbag in debris. And snowmobiler killed
in slide near Rollins Pass. 10 ppl killed in slides this grim
season. https://t.co/mzTz24gRT8

1361106329151053827 15/02/2021 00:13

Sadly @COAvalancheInfo is reporting 2 #avalanche fatalities
in the Front Range Zone on Sunday, Feb 14. A snowmobiler
was killed on Mt Epworth, W. of Rollins Pass. A backcountry
snowboarder was killed on Mt Trelease, N. of Loveland Pass.
https://t.co/G6PxgjHrN2 #COWX

1361121859736109059 15/02/2021 01:15
Backcountry Snowboarder Caught & #Killed In Avalanche
Near Loveland Pass - Feb 14 @ 8:13 PM ET
https://t.co/2Rjp0U68AT

1361140910533263365 15/02/2021 02:30
Backcountry Snowboarder Caught & Killed In Avalanche Near
Loveland Pass – CBS Denver - https://t.co/EeQ5AONw68
#RockyDailyNews https://t.co/X3WUrcuBeo

1361293211168346113 15/02/2021 12:36 Backcountry Rider Caught & Killed In Avalanche Near Love-
land Pass https://t.co/a308ajLiQ9 via @YouTube

Table 2. Detail of a specific avalanche event from February 2021. Despite the relatively small amount of tweets, the
automated detection correctly identified the news and clustered them together by similarity and location.

Each country was covered by exactly one language: in Spanish and Italian speaking countries only the events
created from tweets in these languages were saved, while English covered the rest of the world.

To tune the various hyperparameters, we used tweets collected between November and December 2020 and manually
grouped to define the distribution of values of the similarity metrics among same-event and different-event tweets to
define a first rough estimate, then we tweaked empirically the values with multiple runs of the system over the same
period.

In the 8-month period of evaluation, 28 million tweets were retrieved in total, and after the preprocessing phase
(filtering by informativity and presence of a location) 8.5 million were served as input to the clustering steps and
following, creating a total of 32 thousand events, composed by more than 2 million tweets. Of the total amount of
tweets, only 0.75% was geotagged, an even lower figure than the 2% reported previously by Leetaru et al. 2013.
The chosen cycle time between cluster management operations was of 5 minutes, and the peak tweet count per cycle
was 5331 tweets the 30/07 in the morning, when the Turkish wildfires gained international attention.

While the 49% of events was composed by less than 10 tweets, 14 events contained more than 10 thousand,
concerning the Haiti Earthquake of the 14 August 2021, the Turkish wildfires between the end of July and the
beginning of August, several episodes of terrorism and arson in Myanmar, Hurricane Ida between August and
September, and finally the 6 January protests in Washington DC, which were incorrectly flagged as storm due the
frequent use of the sentence ‘storm the Capitol’. On the opposite, minor events (such as the one reported in Table 2)
were for example relative to smaller and localized incidents, or weaker earthquakes in remote areas.

Finally, 88% of the events had a duration of less than 1 day, while the longest events were what was flagged as a
25-day cold wave in the UK (January 2021 was indeed the coldest month in the area since 2010) and again the 6
January protests, which attracted an uninterrupted discussion for 43 days.

Performance

The experiments were run on a virtual machine with 32GB of RAM and a Intel Core i9-7940X CPU, with the full
pipeline composed by five modules developed in Python running on separate processes and interconnected through
RabbitMQ or Python IPC queues:

• Tweet intake and tokenization, with negligible latency and high throughput

• Information classification, with a throughput of 4500 tweets/second

• Named Entity Recognition, entity linking via Nominatim and date parsing, with a throughput of 200
tweets/second
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• Final preprocessing (including spaCy NLP) operations, with a throughput of 120 tweets/second

• Incremental clustering, performed in batches, and cluster management operations, with a total maximum
latency (input of a tweet in the module to potential event detection) equal to the cycle or batching interval (5
minutes) plus the effective processing time per batch. This latter, aggregated by sum for all hazard-language
pairs, was on average 3.2 seconds and had a peak of 10.1 seconds, depending on the number of tweets to
process and of clusters in the system. It would be possible to remove the batching interval from the latency by
operating in streaming mode and executing the event activation task after every cluster modification, instead
of once per cycle. This module had a maximum aggregated RAM consumption of 1GB.

While for the input volumes considered in our case study the throughput of all modules was highly sufficient even
during inflow peaks, there may be some bottlenecks when operating with 10x to 100x elements. In this case, two
main actions could improve the system scalability. First, it must be noted that while all the NLP models (such
as spaCy and the NER) in our study were executed on CPU, deploying them on GPU could offer a considerable
throughput improvement. Second, currently all modules cover with a single instance and a single worker thread all
language-hazard pairs, and only the data structures are replicated independently. A separate full pipeline instance
for each targeted combination should increase the full throughput by an order of magnitude, and even more by
simply replicating all the stateless modules that may be a bottleneck.

Experiment setup

To validate the quality of the system output, we first sampled randomly 25 events (or as many available if less),
and all the relative tweets, for each language and hazard type, for a total of 456 events and 76876 tweets. We then
evaluated manually each cluster over multiple criteria:

• Content type: whether the cluster is regarding a breaking disaster-type event and its developments (Event); is
generic discussion regarding a recent event or some aspects of it (Event-Relative); concerns an event of the
past, such in the case of an anniversary or breaking news due a new development, such as a trial ruling (Past
Event); is relative to a forecast, warning or precautions against an expected or probable future event (Event
Alert); is not a disaster-type event, but an unrelated breaking news, discussed topic or generic noise (Not
event).

• Coherency: independently from the content, if all the tweets in the cluster appear to be on the same topic
(Coherent); if most of them are, and it is possible to understand a main discussion topic, but there are some
evident outliers (Coherent with noise); if the cluster appears to be coherent at first, but closer inspection
reveals multiple sub-topics, such as close subsequent shakes in an earthquake event or multiple neighbouring
landslides or floodings during the same intense storm (Coherent with overlapping subevents); if the cluster
topic is unclear, or contains multiple evidently independent events or topics (Not coherent).

• Hazard/disaster type: discarding all not-event clusters, whether the disaster type of the cluster is tagged
correctly (Correct type); is not correct but is one of the other considered disaster types (Wrong type); is not
correct and relative to a disaster type outside of the considered ones, such as a volcanic eruption, an explosion,
or a plane crash (Other events).

• Location correctness: discarding all not-event clusters and considering as event location the most referenced
location entity in the cluster, and the corresponding bounding box as extracted by the pre-processing pipeline,
it was evaluated if it was the correct one (Correct location); a location near or containing the correct one
(Imprecise location); if the location was incorrect due an error of the NER (Incorrect named entity extraction);
if the location name is correct, but the geocoding produced an homonym location in a different region, or
even a completely unrelated result (Incorrect geocoding).

Additionally, to verify the ability of the system to detect events, we extracted from the EM-DAT disaster database
(EM-DAT 2009) the list of incidents in the considered period, removing from the list those with an imprecise start
date or a disaster type not among the considered ones. Afterwards, we used Nominatim to geocode all the bounding
boxes corresponding to the entities named in the ‘Location’ column, merging them in one target multi-polygon area
for each event. We then computed how many of the EM-DAT events matched to one or more activated clusters
produced by our system, considering clusters with the same disaster type, a location intersecting the target one, and
a starting date between the start date and up to 48 hours after the end date reported by EM-DAT. We then repeated
the process for the disaster types reported in the associated disaster column.
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A. Content type Absolute Relative
Event 239 52%

Event-relative 83 18%
Past event 11 2%
Event alert 52 11%
Not event 71 16%
TOT 456

B. Coherency Absolute Relative
Coherent 397 87%

Coherent with noise 39 9%
Coherent with overlapping subevents 10 2%

Not coherent 10 2%
TOT 456

C. Hazard type Absolute Relative
Correct type 365 95%
Wrong type 11 3%
Other events 9 2%
TOT 385

D. Location correctness Absolute Relative
Correct location 308 80%
Imprecise location 30 8%

Incorrect named entity extraction 12 3%
Incorrect geocoding 35 9%

TOT 385

Table 3. Quality metrics in respect to Content Type (A), Coherency (B), Hazard Type (C) and Location Correctness
(D).

Subset Detected Total Percentage
Global disasters 180 259 69%

Disasters in English, Spanish, Italian speaking countries 55 77 71%
Global associated disasters 53 97 55%

Associated disasters in English, Spanish, Italian speaking countries 17 35 49%

Table 4. Detection rates computed over the EM-DAT dataset.

Result analysis and future works

While many aspects of the performance of the system can or should be ascribed to the filtering, NER and geocoding
upstream pipeline, we find that the metric most relevant to define the approach quality, the cluster coherency, has a
satisfiable value, having 96% of the clusters with little to no noise. This confirms that the incremental clustering
algorithm and the scoring technique used in this work perform well in the task of grouping correlated documents.
On the other hand, a ratio of 52% of real events over the total amount of events produced means that too many false
positives or false alarms are part of the output: while an overhaul of the upstream tweet informativeness classifier
could help, its maximum performance is bounded by the ambiguous and uncontextualized nature of the tweets. As
such, an additional downstream NLP filter operating on the entire clusters of tweets may help in removing false
positives, especially those of the categories Past event, Event alert and Not event.

Regarding the around 30% of EM-DAT registered disasters that were not detected, we found it most of the time to
be the result of two factors: firstly, the imperfect performance of the NER and geocoding preprocessing steps, which
combined may place a correctly detected event in an imprecise or incorrect location once every five times, and must
be one of the focuses for future improvement; secondly, events appearing in the EM-DAT can have a slow evolution
or occur in remote areas, resulting in a minimal, delayed or extremely temporally sparse online participation, which
in turn hinders or impedes their detection. On the other hand, it must be noted that estimating conservatively one
every two produced events to be a real one, our system detected more than 15000 incidents and disasters over the
entire globe, almost 60 times the number of those registered by EM-DAT, given its ability to detect and archive
local and minor events that are omitted by global disaster databases.

Finally, while we found the parameter tuning phase to be feasible using a mixed statistical-empirical process, and
that small changes did not disrupt the performance, given the high number of independent parameters and their
nature is hardly possible to guarantee that the tuning found is globally optimal. Several strategies could help in this
regard, such as exploiting a black box machine learning model as a similarity scoring function, which could replace
the current model without requiring any change to the clustering algorithms. However, its training requires a labeled
dataset with the correct mix of local and global, small and large events and noise, whose creation is non-trivial and
expensive.

CONCLUSIONS

We discussed in this paper an approach to automatically detect in real time incidents and emergencies using social
media, specifically Twitter, content. We presented an overview of the preprocessing pipeline and proposed an

CoRe Paper – Social Media for Crisis Management
Proceedings of the 19th ISCRAM Conference – Tarbes, France 2022 579 



Salza et al. A ’glocal’ approach for real-time emergency event detection in Twitter

incremental clustering algorithm, a similarity metric and an activation and termination strategy suitable for this
challenge, targeting a local resolution in a global scale, allowing for an unbounded number of events of unbounded
duration, striving to detect small or temporally sparse incidents. The similarity scoring function exploits not only
textual similarity but also geographical proximity, handling multiple bi-dimensional regions and locations rather
than assuming a rarely available point geotag. We then evaluated our approach over an 8-month period and multiple
languages, extracting tens of thousand of clusters of interest, and assessed various quality metrics of the result,
highlighting the current strengths and shortcomings of our methodology, delineating consequently possible solutions
and future work.
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APPENDIX

Parameters

_𝑡 1
_ℎ 2
_𝑔 0.2
_𝑐 1
\𝑡𝑠 0.12

\𝑚𝑑 (Wide) 150km
\𝑚𝑑 (Other) 50km

\𝑐𝑒𝑠 0.4
\𝑐𝑙 0.4
𝑖𝑔 0.6

𝛾1,𝑑𝑠 (Wide) 15
𝛾1,𝑑𝑠 (Other) 10
𝛾2,𝑑𝑠 (Wide) 1.2e-4
𝛾2,𝑑𝑠 (Other) 8e-4

𝛾1,𝑙𝑠 190
𝛾2,𝑙𝑠 1.1e-5

\𝑡𝑐 (Wide) 0.7
\𝑡𝑐 (Other) 0.85
\𝑐𝑐𝑎 (Wide) 1.05
\𝑐𝑐𝑎 (Other) 1.3

\𝑐𝑐𝑖 1.8
𝜏𝑎𝑐𝑡 (Earthquake) 15 minutes
𝜏𝑎𝑐𝑡 (Terrorism) 1 hour
𝜏𝑎𝑐𝑡 (Other) 6 hours

𝜏𝑑𝑢𝑟 24 hours
𝜏𝑒𝑛𝑑 18 hours
𝜎𝑡 𝑥 3
\𝑠𝑝 0.2
𝜎ℎ𝑔 4

Table 5. Values for the tuned parameters adopted for the experiments shown in this paper. The ’Wide’ option
corresponds to the Earthquake, Storm and Extreme temperatures hazard types.

Hazard keywords

Avalanche avalanche; avalanches; icefall; icefalls

Wildfire forest fire; forest fires; wildfire; wildfires; bushfire; bushfires; conflagration; high
flames; burned; explosion fire; fire firefighter; wildfire firefighter; fire firefighters

Storm

storm rain; storm rains; storm wind; storm winds; winter storm; summer storm;
autumn storm; storm lightning; storm lightnings; severe storm; incoming storm;
spring storm; cloud storm; storm clouds; eye storm; storms; heavy rain; heavy rains;
lightnings; thunderstorm; thunderstorms; thunder storm; thunder storms; windstorm;
windstorms; wind storm; wind storms; snowstorm; snow blizzard; blizzards; strong
wind; hurricane; tornado; typhoon; rainfall; hurricane category

Extreme temperatures
heatwave; hot weather; hot summer; cold weather; cold winter; extreme weather;
extreme temperatures; extreme cold; extreme hot; hottest summer; hottest weather;
coldest winter; coldest weather; drought

Earthquake earthquake; earthquakes; seismic; magnitude; epicentre; epicenter; building collapsed;
quake victims

Landslide landslide mud; landslide rain; landslide buried; landslide kills; landslide erosion;
mudslide; mudslides; mudflow; mudflows; debris fall

Flood flood; floods; flooding; floodings; deluge; inundation; inundated

Terrorism terrorist attack; terrorists attack; terrorism attack; terrorist deaths; terrorist injured;
terrorist hostages; terrorists dead; terrorist bomb; terrorism bomb;

Table 6. Example of hazard keywords for the English language queried to Twitter’s API.

Statistics and distributions

Figure 2. Overall distribution of event types, displaying a prevalence of storm, wildfires and floods over the other.
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Figure 3. Overall distribution of the events per language, among the ones considered. Given the worldwide coverage,
the English language is prevalent.

Figure 4. Overall distribution of the durations of the detected event: the trend suggests that common events do not
usually go past the 20 days mark.

Figure 5. Overall distribution of event sizes, in terms of related tweets. As expected, the trend highlights a power
law, with many smaller events and fewer, large-scale events with thousands of tweets.
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ABSTRACT

This paper summarizes the final year of the four-year Text REtrieval Conference Incident Streams track (TREC-IS),
which has produced a large dataset comprising 136,263 annotated tweets, spanning 98 crisis events. Goals of
this final year were twofold: 1) to add new categories for assessing messages, with a focus on characterizing the
audience, author, and images associated with these messages, and 2) to enlarge the TREC-IS dataset with new
events, with an emphasis of deeper pools for sampling. Beyond these two goals, TREC-IS has nearly doubled the
number of annotated messages per event for the 26 crises introduced in 2021 and has released a new parallel dataset
of 312,546 images associated with crisis content – with 7,297 tweets having annotations about their embedded
images. Our analyses of this new crisis data yields new insights about the context of a tweet; e.g., messages intended
for a local audience and those that contain images of weather forecasts and infographics have higher than average
assessments of priority but are relatively rare. Tweets containing images, however, have higher perceived priorities
than tweets without images. Moving to deeper pools, while tending to lower classification performance, also does
not generally impact performance rankings or alter distributions of information-types. We end this paper with a
discussion of these datasets, analyses, their implications, and how they contribute both new data and insights to the
broader crisis informatics community.

Keywords

Emergency Management, Crisis Informatics, Twitter, Categorization, Prioritization, Multi-Modal, Public Safety,
PSCR, TREC

INTRODUCTION

The TREC Incident Streams track was started in 2018 to foster research in assessing, classifying, and notifying
public safety about information posted to social media relevant to emergency, crisis, and disaster response. The
public has an expectation that the public safety community will monitor and respond to social media postings on
common platforms. However, the amount of information the public posts to social media is beyond the ability of the
public safety community to manually monitor in real time during emergencies.

Over the four years of the TREC-IS initiative,1 the track has contributed a dataset of Twitter content and manual
assessment of this content’s types and priorities to the crisis informatics community. Coupling this dataset

∗corresponding author
†https://ischool.umd.edu/ and http://cody.bunta.in/
‡http://gla.ac.uk and http://dcs.gla.ac.uk/~richardm
§https://www.nist.gov/ and https://www.nist.gov/people/ian-soboroff
1An overview of the TREC-IS initiative is presented on page 4.
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with participation from numerous international research groups, TREC-IS has also demonstrated a frontier in
state-of-the-art information retrieval systems for crisis informatics. Much of this progress in TREC-IS and crisis
informatics more generally, however, has been limited to text-based information systems despite calls for more
wholistic methods from stakeholders in the disaster response space (Castillo, Peterson, et al. 2021). While
multimodal resources like CrisisMMD (Alam, Ofli, and Imran 2018) now supplement these text-oriented systems
with visual data, limited resources exist to connect this visual media back to information needs, and even fewer
resources support integrating a message’s broader contextual cues like its intended audience and the credentials of
its author. Furthermore, the expense of manually extracting these cues and attributes from crisis-relevant social
media content creates a tension between annotating large volumes of content for a few crisis events or relatively few
messages for many crisis events. TREC-IS has traditionally prioritized assessment across many events at the expense
of fewer assessments per-event, to support evaluation of systems across a wide range of crises, operationalized
either via a conservative initial sampling strategy (McCreadie et al. 2020) or via relatively shallow pooling of
tweets from participant systems (C. Buntain et al. 2021). This pooling approach, however can lead to incomplete
assessment datasets (Voorhees 1998), as important documents might not be shown to assessors; hence if a system
returns these omitted documents, the system will receive no credit for them, introducing error into system scoring.
Likewise, these pools may introduce bias in favor of content that appears in multiple events, as learning frameworks
likely have more training data for such content compared to more crisis-specific messages. In this final year of
TREC-IS, we address these open problems via four main enhancements to the track and associated dataset: release
of more tweets per event, deeper pools of messages for assessment, more detailed assessments of these messages,
and provision of a parallel image dataset:

More Tweets Per Event: To support 2021 and continuing the expanded collections begun in 2020-B, we have
collected larger tweet samples for natural disasters and man-made crises. This collection is enabled through an
agreement with Twitter, and from it, we have released a larger portion of crisis-event samples to the community.
Consequently, the 2021 dataset provides 34,742 tweets on average per event, in contrast to 19,636 in 2020-B and
500 in 2020-A.

Deeper Pools: In 2021, we have assessed more tweets per event, both to improve the robustness of our evaluation
and to evaluate the impact of pool depth on our ability to compare systems (particularly in the top ranks). While
the track had moved to pooling in 2020 to expand the data available for evaluation, depths of these pools were
necessarily shallow to allow for evaluation across 41 crises in two editions; in 2021, however, we have held constant
the 26 crisis events across our two editions (2021-A and 2021-B) and instead extract deeper pools of labeled content
within these fewer crises. As a result, TREC-IS 2021 has produced nearly double the number of labeled messages
per crisis event (averaging 2,555 labeled tweets in 2021 compared to 1,378 in 2020-B, when we first introduced
pooling, and 1,374 per event in 2018-2020). Having more tweets assessed makes the evaluation of systems more
robust as well as creating a more valuable dataset.

More Labels per Tweet: For more detailed assessments of crisis messages in social media, we have expanded
the types of information we solicit from our human assessors. In past iterations of the track, these assessors have
provided information only about the type of information and the priority of content posted during crises. In 2021,
however, we have expanded this set of annotations, chiefly to include assessments of the images shared with crisis
content, intended audience (local or global) and on the author account (whether the account belongs to a politician,
private citizen, news organization, etc.). This inclusion of image data is of particular interest as practitioners have
consistently called for methods that account for visual media shared during crises (Castillo, Peterson, et al. 2021),
as seen in the visually oriented CrisisMMD dataset (Alam, Ofli, and Imran 2018).

Parallel Image Dataset: As part of our collecting additional label categories per tweet, for tweets with images
embedded in them, we characterize the types of these images. The 2021 dataset therefore contains manual
assessments of 7,297 tweets with images. Additionally, to support larger assessments of images in crisis content,
we have collected and released a dataset of all the images associated with the 122 crisis events in the TREC-IS
collection (including events for which we have no manual labels), totalling 312,546 images.

In total, the 2021 editions of this track have released 1,530,856 crisis-related Twitter messages across 47 crises.
Participants from five different research groups have submitted 33 systems (or “runs” in TREC terminology), and
assessment from these systems (after pooling and event down-selection) has produced 66,437 newly labeled tweets
from 26 crises – TREC-IS now cumulatively provides 136,263 unique labeled tweets spanning 98 crisis events.
Analyses of these datasets suggest participant systems in the 2021-A and 2021-B editions are highly correlated,
indicating assessment in our deeper pools broadly maintains rankings, but performance metrics are generally higher
for the shallower pools. Following our detailed per-message assessment, including analysis of authors, intended
audience, and imagery, we find insights about potentially useful contextual information: On average, tweets from
governmental organizations receive higher priority assessments compared to other authors, and content intended for
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local audiences similarly has higher perceived priority than content produced for general audiences. Regarding
imagery, TREC-IS 2021 has produced 10,536 assessments of image-laden tweets, with results showing that tweets
with images receive higher average priority assessments (between medium- and high-priority) compared to text-only
messages, with images of weather forecasts having the highest average priority. Surprisingly, despite work on
damage estimation from social media imagery (e.g., (Alam, Ofli, and Imran 2018)) assessors have rated images of
damage as the lowest priority.

Before diving into these results, however, this paper firsts outlines the TREC-IS initiative and how this final year fits
with extant crisis informatics research, which then continues into a description of substantive changes in TREC-IS
2021. After describing this year’s results and discussing their implications for the space, we then end with a brief
retrospective at the end of the TREC-IS initiative.

Related Work in Crisis Informatics

As crisis informatics has matured, numerous datasets and data resources have become available for study. Early
multi-crisis datasets like CrisisLex (Olteanu, Castillo, et al. 2014) provide crisis content collected through text-based
queries that describe the crisis (e.g., “powerful storms”, “victims”, and others). Many messages in these datasets may
not be relevant to a crisis event, however, as lower-signal query terms like “cleanup” may occur in many irrelevant
messages, so the datasets often require additional filtering. Prior TREC-IS editions have expanded these query-based
methods with human assessors, who label social media content according to the TREC-IS information-type ontology,
so researchers can filter out content tagged as “Irrelevant” – in fact, the first TREC-IS edition in 2018 leveraged
events from the CrisisLex collections as an initial training set to bootstrap the track. Despite these foundations and
their extensions, resources like CrisisLex and early TREC-IS datasets are fundamentally limited, relying only on
these messages’ textual characteristics for both collection and characterization. Studies of stakeholder information
needs in the crisis informatics space demonstrate such text-only views are too narrow, as disaster-response personnel
need information about the multiple modalities and cues in social media (Castillo, Mendoza, et al. 2013), such as
imagery and author identity.

While other datasets do provide thesemulti-modal resources, these sources are either small-scale – such as the Social
Media for Emergency Response and Preparedness (SMERP) initiative (Ghosh et al. 2019) – or focus primarily
on imagery and information needs related to images shared during crises – such as the CrisisMMD multi-modal
dataset (Alam, Ofli, and Imran 2018). Similar to CrisisLex and TREC-IS, the SMERP initiative has released a
dataset of crisis-related social media content around the 2015 Nepalese earthquake, but SMERP departs from these
sources by augmenting this dataset with a collection of images posted alongside crisis-related Twitter messages.
Though the SMERP is therefore multi-modal, its focus on a single event and therefore single event type leaves
questions about how well visual analytics models might generalize to other crisis events – as we know text-based
methods do (C. Buntain et al. 2021). The CrisisMMD dataset, on the other hand, is closer to an ideal multi-modal
collection, as it contains – like SMERP – social media messages and imagery from numerous crisis events, and
these messages/images include human annotations – like TREC-IS. CrisisMMD is also part of a larger initiative
called CrisisNLP, which maintains many datasets related to social media and crises (e.g., Alam, Ofli, Imran, et al.
2020; Alam, Sajjad, et al. 2021). CrisisMMD’s annotations, and many of the datasets in CrisisNLP, focus primarily
on damage assessment, informativeness, and identifying humanitarian needs, however, which may omit other
critical information about the event, such as alerts about new threats, calls for evacuation, or shelter availability (all
elements identified in prior TREC-IS years).

For the 2021 edition of TREC-IS, we have attempted to fill this need for multi-modal crisis data by providing both
the standard information-type and priority annotations that TREC-IS has used in prior editions and more details
assessments of the messages and visual images embedded therein. As a result, researchers can connect the types of
images embedded in, authors of, and audiences for social media messages to the types and criticality of information
in the message, to provide a more wholistic view of how imagery augments the information in a message.

Beyond this need for additional detail about the social media content we have, as the field of crisis informatics
grows, we increasingly need insight about cross-event versus event-specific information. With the above datasets,
collections are either focused on single events (as with SMERP) or broadly cover multiple events (CrisisLex,
CrisisMMD or TREC-IS). While the latter cross-crisis collections might prove more valuable in understanding
general phenomena of crises and social media, these methods prioritize generalizability at the expense of deeper
insights within the crisis events studied. Consequently, understanding content in the “long tail” of an event might
be difficult with systems trained on these general datasets. CrisisLex, for example, has developed a lexicon for
collection across many crises, explicitly prioritizing precision over recall (Olteanu, Castillo, et al. 2014). Likewise,
in pooling-based approaches like that in TREC-IS 2020, the construction of these pools – and therefore evaluation
– relies on identifying messages for which systems have provided “confident” labels. Messages for which systems
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Figure 1. TREC-IS Task Visualization and Concept of Operations

are confident are likely those messages that appear similarly in multiple crises (e.g., location- and sentiment-laden
messages are common in crises), meaning that pooling evaluations may miss content that is unique to particular
crises or event-types, as common, cross-crisis content has more samples and systems can therefore generalize
better. This possibility is particularly concerning in spaces like Twitter, where prior research on the news value
of the platform shows Twitter is better at long-term and long-tail coverage that mainstream news media might miss
(Petrovic et al. 2013). In 2020, we partially addressed this issue by pooling within specific information types, but in
2021, we have sought to enable more event-specific content analysis by doubling the depths of our evaluation pools.

AN OVERVIEW OF TREC-IS

Having established the context for this work, we now turn to an overview of the TREC-IS initiative as a whole.
Prior studies have consistently shown useful, actionable, and critical information about an ongoing crisis is shared
on social media in the lead-up to and aftermath of the crisis (McCreadie et al. 2019; McCreadie et al. 2020; Purohit
et al. 2018). TREC-IS is a data challenge that aims to support the development of tools to extract this actionable
information. To this end, TREC-IS defines a task, to which researchers and practitioners can submit solutions,
where the effectiveness of those solutions can be compared. The core TREC-IS task is to build a system to analyse a
stream of social media posts and assign ‘information type’ and ‘priority’ labels to each, as illustrated in Figure 1.

The role of a data challenge organiser is primarily to create a re-usable and robust dataset and evaluation methodology
that facilities sound evaluation of participant solutions. By doing so, it becomes possible to compare solutions,
identify what strategies are effective, and track progress toward the ultimate goal of building a deployable solution
for the task. However, through the process of dataset construction (usually based on significant human-labelling
efforts), it is often possible to gain additional valuable insights into the task itself.

Below, we provide a brief overview of the mechanics of the TREC-IS track as context and foundations for the
subsequent discussion on changes we have made in 2021. For more details, we refer the reader to the overview
papers for each year of the track: 2018 (McCreadie et al. 2019); 2019 (McCreadie et al. 2020); 2020 (C. Buntain
et al. 2021).

Foundations of the TREC-IS Framework

Crisis-Related Information Types: A core component of the TREC-IS task is the assignment of ‘information type’
labels to each tweet. To support this assignment, the track defines an ontology of 25 information types, shown in
Table 1. Some of these labels represent categories of information that may be of interest to emergency response
officers, such as ‘Reports of Road Blockages’ or ‘Calls for Help’. Other labels represent information that may
be valuable to researchers and practitioners engaged in a variety of other crisis-related tasks: e.g., public-health
surveillance, volunteer coordination, or other support functions, as outlined in the Federal Emergency Management
Agency’s Emergency Support Functions (ESFs).

This ontology is similar to other crisis-related ontologies, as it overlaps with the annotation scheme introduced in
Imran et al. 2016, which itself builds on the scheme used by the United Nations Office for the Coordination of
Humanitarian Affairs. Likewise, this ontology overlaps with the “information type” category in Olteanu, Vieweg,
et al. 2015. The TREC-IS ontology subsumes several of these information types such that the annotations used
herein should be directly applicable to these related annotation schemes as well.
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Based on analysis of this ontology in preceding editions of the track (McCreadie et al. 2020), we have further
tagged six of these information types as “actionable”, or of high importance (based on a ranking of types by
mean message priority): ‘Request-GoodsServices’; ‘Request-SearchAndRescue’; ‘CallToAction-MovePeople’,
‘Report-EmergingThreats’; ‘Report-NewSubEvent’, and ‘Report-ServiceAvailable’.

Table 1. Ontology of High-level Information Types

Measuring Message Criticality: The second component of the TREC-IS task is to assign scores of importance –
or critically – to messages, representing how imperative it is that a given message be seen by emergency response
officer quickly. Hence, for each tweet, participant systems submit a criticality score (a number between 0 and 1),
and this score is later mapped into a discrete criticality label: ‘Low’ (<=0.25), ‘Medium’ (>0.25 & <=0.5 ), ‘High’
(>0.5 & <=0.75 ), or ‘Critical’ (>0.75).

TREC-IS Editions: Each year, TREC-IS issues one or more ‘editions’, wherein participants can submit the output
of their solution(s) – or systems – to the TREC-IS organisers. Each edition has a set of training events and a
set of test events. For training, track coordinators provide a collection of tweets and their respective information
type/criticality labels (typically all events from prior editions). For testing and evaluation, coordinators provide only
the tweet stream, and participants must then produce a set of labels for each tweet in the stream; i.e., the predicted
information types and critically labels. Collectively, TREC refers to the files listing these tweets and their labels as
a ‘run’. The organisers then evaluate each run and return effectiveness scores to each participant.

Evaluating a Run: To evaluate participant systems, we require ground-truth data on information-type and criticality
labels for the above tweets. To create this ground truth, TREC coordinators at the National Institute of Standards
and Technology (NIST) pay human assessors to analyse tweets and assign information-type and criticality labels,
mirroring the TREC-IS task that participants perform. TREC-IS coordinators then calculate each run’s effectiveness
by comparing human labels against the labels produced by the participant solution (see the Metrics section below).

Run Pooling for an Edition: As discussed above, to facilitate the evaluation of a run, we need human assessment
to produce labels for tweets. This assessment process is time-consuming and costly, and given the large volume of
tweets published during large-scale crises, it is impossible to label the whole tweet stream. Since 2020, TREC-IS has
used a pooling strategy to decide what tweets will be labeled (Zobel 1998). Each of these pools is associated with a
particular crisis event, which we construct by selecting a subset of that event’s tweets from each submitted run and
“pooling” them together. To build these subsets, we construct several rankings of tweets in each run, one ranking for
each information type and an additional ranking by priority score. For information types, a ranking is determined
by the participant system’s “confidence” score in the associated label such that the top tweet in the ranking denotes
the tweet-label pair in which the participant run is most confident – where the meaning of “confidence” is left to
the participant. For priority, these rankings correspond to a tweet’s importance such that higher-ranking tweets
receive higher priority scores. From each of these type-confidence and priority-based rankings, we collect the top-𝑘
tweets from the target event into the pool for that run, where 𝑘 denotes this pool’s depth. Taking the union of all the
per-run pools for this event then produces the total pool of tweets from this event that human assessors will review.
In effect, for each event, this pooling strategy creates an ordering of tweets to be assessed, where tweets predicted to
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be of higher priority by multiple systems or have a high probability for particular information types will be assessed
first. These rankings are then divided into 500-tweet blocks for assessment.

Assessment Process: For each event, track coordinators generate 8 assessment blocks (4,000 tweets) from the pool
ranking and assign these blocks to individual assessors. Where possible, one assessor will label all assessment
blocks for an event to maintain consistency. Each assessor has a time-budget for assessment and attempts to label as
many tweets within that time-budget as possible. Blocks are assessed in order based on the pool ranking (higher
ranked first), and within a block, tweets are ordered by time. While budget and time constraints have not allowed
for multiple assessments per tweet, precluding agreement evaluations, this manual assessment has been used
consistently in prior TREC-IS iterations (McCreadie et al. 2019; McCreadie et al. 2020; C. Buntain et al. 2021).

Metrics Once the pooled tweets have been labeled, evaluations for these submitted runs use two main metrics:
Information Feed and Information Priority. Information feed metrics measure performance in terms of information
type categorization. For each tweet, a participant run will have assigned (potentially multiple) information-type
labels, which are then evaluated using standard precision, recall, and F1-score against the human labels, macro-
averaged across the test events. As mentioned previously, not all information types are equally important (i.e.,
messages of sentiment are generally less critical than requests for search and rescue), so we evaluate these metrics
both across all 25 information types and the six actionable information types highlighted above in isolation.
Meanwhile, the information priority metrics evaluate run performance when assigning criticality scores to each
tweet. We compare these predicted criticality scores to assessor-provided categorical labels using both F1 score as a
measure of priority classification (discretizing runs’ scores to the above ‘Low’, ‘Medium’, ‘High’, and ‘Critical’
priority labels) and Pearson 𝑟 as a measure of the correlation between predicted scores and numerically mapped
priority assessments.

Main Conclusions from TREC-IS 2018, 2019, and 2020

As 2021 is the fourth and last year of the TREC-IS initiative, we briefly describe the key organizational aspects and
findings of prior TREC-IS editions, as they provide the foundation for TREC-IS in 2021.

A crucial finding in TREC-IS’s 2018 pilot run and confirmed in the 2019 initiative is that a non-trivial (approximately
10% post-filtering) amount of actionable and high-priority information exists in Twitter during emergency events.
The average priority score for an emergency-related tweet appears relatively stable between low- and medium-
importance across eight years of emergency events (2011-2019) (McCreadie et al. 2020). Further, we identify six
stable “actionable” information types such that tweets with these information-types are consistently perceived to
be of higher-priority than the other types. An analysis of manually labeled tweets and systems participating also
yielded insights into what information is actionable and critical for emergency response officers, as messages that
are perceived as high priority also often contain references to particular locations – in line with Purohit et al. (2018)
– and also include hyperlinks to external information sources.

While results from 2018 focused on the distribution of information within crises, participant-system evaluations
from prior TREC-IS iterations also found that state of the art systems of the time were insufficient for end users’
needs in classifying information type and priority. Participants were relatively effective at identifying news reports
and sentiment, but they struggled to identify critical information like search and rescue requests (McCreadie et al.
2019). To this end, in 2019, we sought to expand training data availability and develop a clearer picture of system
performance and shortcomings. After the 2019 edition, we have found that systems employing neural language
models are increasingly performant compared to traditional learning models (McCreadie et al. 2020). Despite this
trend, performance in identifying actionable information has lagged behind the identifying all relevant information
types, suggesting significant room for improvement remains.

In 2020, TREC-IS expanded its scope to include large-scale public-health emergencies, following the outbreak
of COVID-19. The pandemic has introduced an over-abundance of potential data, and open questions remained
about how approaches to crisis informatics and datasets built on other emergencies could adapt to this new context.
TREC-IS made available 478,110 COVID-related messages and 282,444 crisis-related messages for participant
systems to analyze, of which 14,835 COVID-related and 19,784 crisis-related messages have been manually
annotated. Analyses of these new datasets and participant systems demonstrated first that both the distributions
of information type and priority of information vary between general crises and COVID-19-related discussion.
Secondly, despite these differences, results suggest leveraging general crisis data in the COVID-19 context improves
performance over baselines.
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CHANGES TO TREC-IS IN 2021

In the final year of TREC-IS, we have instituted several changes to gain deeper insights into the types of information
contained in social media during crises and address the gaps outlined above. These changes fall across two major
axes: surfacing more critical content through deeper evaluation pools and expanding the types of attributes requested
from human assessors.

48 New Events with Higher Volume Streams: At the start of 2021, we have released tweet streams for 48
events (TRECIS-CTIT-H-076 to TRECIS-CTIT-H-122), along with their descriptions. These crisis events, names,
event-types, sample sizes, and number of manually assessed tweets are shown in Table 2 (some events also include
redundant labels, as listed in the “# Multi-Labeled” column). Unlike previous years, only a subset of these events
are used to evaluate participant systems. Participants are not told what subset of these events are to be used for
evaluation. Instead, the track requires participants to submit runs containing predictions for all 48 events. Thanks to
an agreement with Twitter for access to their commercial Historical PowerTrack API (distinct from the public APIs
and the new v2 public/academic APIs), we have been able to collect larger samples for each event (typically in
the range of millions of tweets), and collect content from historical events rather than only new or contemporary
crises. This historical collection is clear in the list of TREC-IS events shown in Appendix A, where crisis events in
2020-A/B were limited to 2019 and 2020, as our collection infrastructure could only collect content from these
crises as they happened.

In the same way as TREC-IS 2020, we perform further diversity sampling to filter these high-volume tweet-sets,
de-duplicating the data using locality-sensitive hashing – via the Nilsimsa digest (Damiani et al. 2004) – to filter out
highly similar tweets and retweets. From these filtered sets, the track has released a sample of up to 50,000 tweets
per event to participants.

Table 2. TREC-IS 2021 Events Labelled for 2021-A, 2021-B and the Online Leaderboard (2021-LB).

Two New Editions (2021-A and 2021-B) and a Leaderboard: As with previous years, we have organised
two official editions for the track in 2021, denoted 2021-A and 2021-B along with an additional leaderboard
release. 2021-A uses 7 events for evaluation, which we then augment with an additional 7 events for a public
leaderboard-based evaluation – these additional events are necessary for true held-out test data since 2021-A
assessments are returned to the track participants. 2021-B then uses 26 events, 14 of which are expanded assessments
from the 2021-A and leaderboard events. Crisis events comprising the 2021-A, leaderboard (LB), and 2021-B are
shown in Table 2. Unlike previous years, however, events are shared across these editions. Motivation for this event
sharing is twofold: First, it enables like-for-like comparison of 2020-A systems with 2020-B systems, allowing for
the tracking of progress of systems throughout the year. Second, it allows us to investigate the effect that increasing
the depth of assessment for some events has on system rankings, an important factor when considering dataset
robustness.

Beyond the two traditional TREC-IS 2021 editions, we have released a public leaderboard for the track. This
leaderboard is meant to expand participation and provide a mechanism for ongoing participation after the track
officially ends at TREC. This online leaderboard is hosted at GitHub, and in this new evaluation approach,
participants need only submit pull requests to the official TREC-IS GitHub repository (along with metadata
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describing their submission). The pull request triggers a notification to TREC-IS organizers, and we can quickly
run evaluations using private evaluation data from the 2021-B and leaderboard crisis events. Organizers post
these resulting evaluation metrics to the public leaderboard data file in the GitHub repository. This leaderboard is
available at:

• https://trecis.github.io/

26 New Events Labelled: Following previous years, we have had human assessors manually label tweets for these
events according to the TREC-IS information type ontology, as well as assign criticality labels. As mentioned
earlier, a pooling strategy is applied over the submitted runs to each edition of the track to determine which tweets
will be labeled - focusing on tweets predicted to be of higher priority as scored by multiple runs and/or have a
high confidence score for particular information types. Over the year, we have had 26 of those events labelled by
human assessors, with assessment statistics shown in Table 2. As the last year of the track, we also allocated a
larger assessment budget for 2021, resulting in a markedly larger set of labelled tweets than in previous years (see
Appendix A). In particular, 66,437 unique tweets have been labelled in 2021, which also translates into a higher
number of tweets per-event being assessed (averaging 2,555 labeled tweets in 2021 compared to 1,378 in 2020-B).

Variation in Pool Depth: For 2021, we have re-used the pooling strategy described above but have altered the pool
depths. Following from larger event datasets and an increased number of candidate crises released (approximately
50,000 In both 2021-A and 2021-B across 26 crises), we have started with shallow pools for 2021-A and the
leaderboard, pooling to a depth of 10 tweets per information type and priority per system. This limited depth
has provided approximately 1,500-2,300 messages to evaluate per crisis. To examined pooling depth’s impact
of evaluation, for 2021-B, we have increased pool depth to 20 for a majority of our crisis events, approximately
doubling the volume of evaluated tweets per event.

21 New Categories of Labels Collected: As discussed in the introduction and related work, a crucial gap in
TREC-IS assessment and similar resources concerns limited detail around the context of individual messages.
For example, prior TREC-IS editions (McCreadie et al. 2019) have suggested information about the author of a
message can provide useful insight into the criticality of information and, potentially, its veracity (e.g., content
from a government organization is likely more trustworthy than content from a private citizen). Prior TREC-IS
editions have not recorded such information, however, despite its potential value. As a result, in TREC-IS 2021-A,
we have expanded the set of annotations we ask our assessors to provide with the goal of expanding the contextual
information around these messages. In particular, we have added three new types of assessment information
regarding 1) intended audiences of a particular message, 2) insights about the author writing the message, and 3)
assessments of images associated with the message. These types are detailed in Table 3.

Our inclusion of annotations for imagery shared with crisis-related messaging is intended to shed light on the broad
class of images that appear in crisis content. For example, preliminary studies from data in earlier TREC-IS editions
has suggested infographics and screen shots are quite common, yet the value of such images is unclear. Based on
preliminary analysis and integrating studies like CrisisMMD (Alam, Ofli, and Imran 2018), we have developed a set
of 10 image-related categories that we ask our assessors to include for image-laden tweets. We note here though that
these image labels are associated with the tweet rather than the individual image, as a tweet can contain multiple
images. As such, a single tweet may have multiple relevant image labels. This additional assessment has produced
image labels for 7,297 tweets.

Insight into intended audience and author are meant to provide context about the source and target of this content.
We anticipate content intended for local audiences (e.g., requests for search and rescue, notices about new services,
or calls for evacuation) to be potentially more actionable than content for a more global/general audience (e.g.,
sentiment, news coverage, factoids, etc.). Likewise, the source of a message may provide substantial insight into
its veracity and actionability, as information from government organizations, officials, and journalists likely has
different connotations than content from private citizens or bot-like automated weather reports. These additional
assessments are time-intensive for assessors, however, so we have only included them in the 2021-A round of
assessment. This additional assessment has produced audience labels for 1,021 tweets and author labels for 1,104
tweets.

New Parallel Image Corpus: Finally, to support the inclusion of multi-modal data, and particularly visual media,
into TREC-IS and crisis informatics, we have made available a large-scale collection of images extracted from all
122 TREC-IS events. The vast majority of these images have no labels associated with them but can be used for
unsupervised learning and clustering to evaluate the kinds of images present in crisis-related content. Instead, we
have simply iterated through the sample tweets for every event in our dataset (see Appendix A for this list) and,
where a tweet’s metadata includes image content, we have collected these images. In total, this parallel dataset
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Table 3. Additional Information Type labels collected in 2021

includes 312,546 images, over 40 gigabytes worth of data, and averages 2,562 images per event. Slightly more than
half of these images come from crisis events released in the 2021 data, however, as these crisis have, on average,
much larger samples than earlier TREC-IS releases. This image dataset is publicly available at:

• https://trecis.github.io/datasets.html

RESULTS

Having established the datasets and evaluation methods in TREC-IS 2021, we now turn to substantive questions
around the impacts of more detailed assessment and deeper pools. We divide research questions around these goals
into two segments, first about characterizing these additional manual assessments (RQ1) and second about the
impact of deeper pools (RQ2):

RQ1.1. What are the distributions of different author-, target-audience-, and image-types in crisis data?

RQ1.2. For author-, target-audience-, and image-types in crisis data, which annotations have the highest perceived
priority?

RQ2.1. How do the distributions of information type and priority vary between shallow and deep assessment
pools?

RQ2.2. How correlated are performance metrics and rankings between shallow and deep assessment pools?

RQ2.3. How impacted are per-information-type and per-event performance metrics across depths?

More Detailed Manual Assessments

Figure 2 shows the frequencies of each category type across all the TREC-IS 2021 data. As one may expect,
irrelevant content written by a private citizen for a general audience are the most common types of messages sent.
Of the images shared, visuals of damage are the most common, closely followed by “informative” images and
infographics. Followed by private citizens, content written by news organizations and journalists appear the most
frequent. Tweets with location information – as determined by our human assessors – are similarly the second-most
common types of information shared during the 2021 TREC-IS crises.

For RQ1.2., Figure 3 shows average priority across the various labels. As in prior editions, several of the six
“actionable” information-types exhibit, on average, high priority (MovePeople and SearchAndRescue in particular,
with GoodsAndServices nearly high-priority as well). Two of the three remaining actionable information types
(EmergingThreats and NewSubEvent) are the next highest priority information types, on average, while the last
actionable type – ServiceAvailable – has dropped two spaces, with Official and MultimediaShare types now
exceeding ServiceAvailable.

Moving to differences in intended audience (top-right panel of Figure 3), as one might expect, content that is
intended for local, directly impacted audiences are higher-priority than content for general audiences. When
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Figure 2. Frequency Across Assessment Categories. Irrelevant content written by a private citizen for a general
audience are the most common types of content, as are images of damage. These frequencies represent observed
counts in the data, and not an estimate of a wider population.

evaluating aspects of the message author, no single author characteristic appears to exceed an average of high priority
or higher, though government organizations do seem to be higher on average than other author characteristics.
Interestingly, in the case where the NIST assessor identified that knowledge about the author was useful information
(“Useful” in the figure), those instances were generally higher priority.

When examining messages with images (bottom right of Figure 3), the four highest-priority image labels exceed
the average priority of the top three information types. Specifically, weather-forecast and satellite imagery and
infographics having an average priority exceeding 0.7. As with “useful” author information, images found to
be informative by assessors were likewise nearly high priority, and as shown in Figure 4, tweets without images
are below “Medium” priority (` = 0.4899), whereas tweets with are between “Medium” and “High” priority
(` = 0.6231).

Deeper Evaluation Pools and Their Effects

Official TREC-IS performance metrics are shown in the Supplementary Material, specifically Tables 6 - 8.
Qualitative assessment of those metrics show that no single system exhibits superior performance across all metrics
(though one system does have a lead in the majority of metrics in 2021-B), and evaluations in deeper pools appear
to generally lower absolute performance metrics.

Specific to RQ2.1, we examine distributions of information types and priorities across the 13 crisis events for
which we have sufficient assessments from both shallow and deep pool depths. These 13 events and the number of
assessments in shallow and deep pools are shown in Table 4. Figures 5 and 6 show that differences between these
pools exist chiefly in distributions of priority. Regarding information-types, we see location is consistently the most
common type across pool depths, and requests for search and rescue and reports of clean-up activities are consistently
rare. Calls to action, requests for information, and “actionable” information-types are also consistently rare in both
pool depths, suggesting the deeper pools are not surfacing a different distribution of important information. In fact,
for information-types, the seven most common and seven more rare types of information are the same across pool
depths – though their relative rankings vary slightly.
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Figure 3. Mean Priority Across Assessment Categories. Only calls for search and rescue and for evacuations
consistently receive high-priority assessments.

For priority, surprisingly, we see a decrease in high- and critical-priority content in deeper pools compared to
the shallow pools in 2021-A. Also unexpectedly, the shallow pools in 2021-A have a vastly different distribution
compared to prior TREC-IS tracks, where only about 15% of content was high-priority or higher (or less than half
of the prevalence in 2021-A).

Given the variation in priority across pool depths, depth may likewise impact performance metrics, which would
have implications for generalization in the crisis informatics space. Alternatively, the deeper pools and additional
assessments may uniformly reduce metrics. To examine these possibilities, Figure 7 illustrates performance impact
for information-type classification and prioritization for the top-performing system from each participating team’s
submission prior to July 2021 (𝑛 = 5) – we use only one run per team to avoid biases from highly similar submissions.
Figure 8 likewise shows the scatter plots for all eight metrics across pool depths. Despite the small sample size, we
can assess correlations across pool depths using Pearson’s correlation and Spearman’s rank correlation. In answer
to RQ2.2. about whether the performance metrics across pool depths are correlated, correlation in information-type
F1 classification performance is significant and very strongly correlated across depths (Pearson’s 𝑟 > 0.99). For
prioritization metrics, while correlations are still strong (𝑟 > 0.89), correlation is less consistent than in info-type
categorization. Spearman’s rank correlations in systems’ rankings shows a similar pattern compared to Pearson’s
correlation among the actual metrics, with the exception of “Priority R”.

This variation in efficacy around priority may be driven be the deviation in distributions of priority in the deeper-pool
context. We also see consistency in that the move from messages with “Actionable” types to “All” types results in
an increase in performance – i.e., systems perform better in the “All” context – with the exception of correlations
between predicted priority score and actual priority score.

Lastly, we turn to RQ2.3 and variation in per-information-type and per-event performance. Comparing the x- and
y-axes from Figures 7 and 8 in RQ2.2 suggests participant runs tend to perform worse in the deeper pools as
compared to the shallower pools. To investigate this question, we take the average F1 scores across information-types
and events for the most performant systems for each team as above. For information-types, Figure 9a shows that, for
many cases, performance in the deeper pools suffers, especially in regards to reports of location, sentiment, etc.;
participant runs only outperform the shallow-pool evaluation in seven of the 25 types. Per-event results tell a similar
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Figure 4. Bootstrapped Sample of Mean Priority for Tweets With and Without Images. Tweets with images are, on
average, higher priority.

Table 4. Crisis Events Assessed with Shallow and Deep Pools

story: all events exhibit lower F1 scores in deeper pools, some significantly (exceeding a 95% confidence interval),
such as the difference in the 2020 tornado outbreak event.

DISCUSSION

Connecting Message Attributes and Importance

A key finding from the above results suggests a connection among content intended for local audiences, the presence
of images, and the perceived importance of that content. While interesting in itself and suggestive of future research
questions about identifying intended audiences, we also note the limited correlation between the importance
and source of content. That is, the identity or social position of the author does not appear to greatly influence
the importance of said content. We see large volumes of content from private citizens (who likely outnumber
government and journalistic individuals), but these citizens can be from anywhere, and given the occasional global
interest in crises (e.g., the Nepalese earthquake, terror attacks in Paris, etc.), the population of private citizens far
away from the impacted area is likely relatively much larger. Hence, it is reasonable that private citizens may have
high variance in the importance of their content. Other work has suggested methods for identifying eyewitnesses of
crisis events, which might further separate this broad class of private citizens (Diakopoulos et al. 2012).

Surprisingly, however, accounts with journalistic or governmental roles also appear relatively uncorrelated with
importance. Likewise, images depicting damage, while common, are also assessed as having lower priority despite
the value associated with this type of imagery in the CrisisMMD datasets (Alam, Ofli, and Imran 2018).

An additional observation we note here is that, across these sets of message attributes, we see that the quantity of a
particular class appears inversely related to the perceived criticality of that content. E.g., images of damage are the
most common depiction and yet the lowest average priority, and content from private citizens is similarly lower in
priority. This observation suggests alternate strategies for identifying high-priority content in social media streams
through measuring message similarity. That is, if one can identify outlier messages (i.e., messages that are highly
dissimilar) in a particular class, these outliers may be more likely to contain important information about the crisis.
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(a) Info-Types in shallow (depth=10) pools, as a fraction of all labeled
tweets, 2021-A.
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Figure 5. Fraction of Tweets labeled with Info-Types Across Pool Depths. Prevalence of various information types
appear relatively conserved across pool depths.
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Figure 6. Distribution of Priorities Across Pool Depths. In both cases, we see an increase in content labeled as
critical compared to prior TREC-IS editions, where only 15% of content was labeled as high or critical. Here, we
see approximately between 30-40% of content is high or critical. Across pool depths, however, we see more high-
and critical-level content in the shallower pools. These figures are fractions of the entire dataset.

Redundancy and a Motivation for Summarization Stemming from the relative value of rare content, TREC-IS
in its current form does not address a core issue of duplication in social media streams. Prior research shows social
media contains large volumes of redundant content (C. L. Buntain and Lim 2018; Lin et al. 2016), and providing
disaster management personnel with streams of this largely redundant content, even if all that content comes from
the same information-type class, is not likely to improve their understanding of the event if they must sift through
many repeated messages. Consequently, future efforts in this space should explore methods to collapse these
redundant messages and provide more succint summaries of events to disaster management stakeholders. In this
alternate scenario, where a system extracts particular “facts” about the crisis event – or automatically extracted
points of information about the crisis – and these facts have associated support messages from which the fact was
extracted, if the support around a fact is low, this lack of support may indicate an important message. An alternate
possibility is that these low-support facts are of dubious veracity, and we know veracity is a crucial concern in
the crisis informatics community (and communities around social media more broadly), but as shown in Castillo,
Mendoza, et al. 2013, false rumors tend to have a non-trivial amount of contradicting messages sent in reply to try
and debunk the rumor.

Implications from the Deep End: TREC-IS and Deeper Pools

While the distributions of information types and priorities appears consistent, evaluation in deeper pools tends to
decrease run performance across the submitted systems. As discussed above, these deeper pools are definitionally
comprised of messages in which participant systems are less confident of their labels, so it is perhaps expected
that system performance decreases. Despite this general trend, we find the overall rankings of systems remains
relatively stable in identifying particular types of information shared, and even though prioritization metrics are
less stable, correlations in the shallow and deep pools are still quite strong. To our original motivation for deeper
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Figure 7. Changes in Information-Type and Prioritization Performance Across Pool Depths. Arrows denote the
change in performance moving from shallow to deeper pools. We see all runs experience a decrease in information-
type classification performance, and the majority experience a similar drop in prioritization performance as well.
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Figure 8. Scatter Plots of Evaluations in Shallow and Deep Pools. F1 metrics of information-type exhibit very strong
Pearson’s 𝑟 and Spearman’s 𝜌 (shown in plots) across pools depths. Prioritization, however, has less consistency
across the editions but still maintains significant correlation.

pools, however, the uniform nature of impact on system performance suggests the driver here is endemic to the task
and events and not an issue specific to one or two participant groups. Rather, social media content introduced in
the deeper pools may be more unique, event-specific content. As a result, systems that are trained to generalize
representations of information-types datasets from many different crisis events of several different types may be
fundamentally limited in their ability to correctly label event-specific – or event-type-specific – content. More
research is needed here.

Insights into System Performance: The Value of Multi-Task Learning

Participant runs from the UCD and L3i teams clearly establish a frontier in system performance across information-
type classification and prioritization. In comparison, runs from the NJIT group produce similar performance
metrics in information-type but performance less well in prioritization. In discussions with developers across these
teams at the annual TREC meeting, a common theme has emerged: Runs that treat classification and prioritization
as completely separate tasks perform less well than architectures that integrate the two tasks. Specifically,
high-performing runs from both top-performing teams appear to use some form of multi-task learning, in which
parameters in the deep layers are shared across the classification and prioritization tasks, and the final layers are
replaced for the output task. In contrast, runs from the NJIT team treat information types and priorities as wholly
separate tasks, with no shared structure between them.
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Figure 9. Average Performance Metrics for Information-Type and Crisis Events in Shallow/Deep Pools. Gray
whiskers indicate the 95% standard confidence interval. Results are consistent with an overall reduction in F1 score
across nearly all information types and events when assessed against deeper pools. Exceptions for information types
include weather and news reports, first-party observations, and reports of the original event.

This multi-task learning approach is likely more in line with the reality of the TREC-IS tasks, as we have previously
shown certain information types have higher average priorities. As such, one would expect a shared representation
in the layers of the neural networks across these tasks would be beneficial. Coupling this observation with the
relationships described above between priority, audience, and imagery suggests that these additional factors could
be treated as additional tasks (e.g., audience classification or eyewitness detection), even if the specific task is less
useful than the information-type categorization. In addition, a recurring question for TREC-IS has concerned
whether the priority task adds much value given the “actionable” information-type category; this observation
indicates the priority task may help guide more generalizable representational structure in the learning framework.

THREATS TO VALIDITY

The above analysis raises concerns about the difference seen in the distribution of message priorities in 2021-A’s
shallow pools compared to prior years’ assessments. Specifically, assessments from TREC-IS’s 2021 edition (and
especially 2021-A) show a much larger proportion of content that has a “critical” priority label and a different shape
of low-, medium-, and high-priority content. In previous editions, results show the majority of content is of low
priority, with decaying proportions down to critical messages, which have historically occurred in only about 1% of
messages. In contrast, 2021-A shows a consistent proportion across low-, medium-, and high-priority content and
over 10% receiving a critical rating.

One potential explanation for this divergence from prior years is TREC-IS’s change to its data collection methods:
As the 2021 edition uses Twitter’s enterprise offerings to collect crisis data from retrospective events, the density of
high-priority content that remains on the platform long after a crisis may be higher. Alternatively, a change in the
assessor population, training, or tasking may have impacted assessment, such that assessors’ thresholds for critical
content may have fallen. While we have updated training material for 2021, these updates have mainly focused on
the additional categories of assessment information (e.g., audience, author, etc.), but these additional categories –
which were only present in 2021-A – may have altered assessor perceptions.

In comparing the 2021-A and 2021-B distributions, we see the 2021-B priority distribution better mirrors the
step-wise structure observed in prior years, but we still see a larger proportion of critical content than expected.
Given overlap in the set of assessors in both the 2021-A and 2021-B editions (many of whom had participated in
previous TREC-IS assessments), and 2021-B does not include the more complex author and audience assessments,
this divergence may be more closely related to changes in the underlying data, suggesting this data remains valid.
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CONCLUSIONS

This paper outlines the core dataset and research contributions for the final year of the TREC-IS initiative. These
contributions include datasets from 47 crises – 26 of which contain manual assessments across several categories of
information – and several hundred-thousand crisis-relevant images, 7,297 of which also include labels from manual
assessment. Taken together, these resources should extend the foundation for research into the multi-modal and
context-dependent aspects of crisis informatics, moving us beyond textual dependencies.

Beyond new and larger datasets, this work also contributes new findings to the research community, specifically
around the impacts and values of additional detail and deeper pooling methods for sampling and evaluation.
In particular, our results suggest more nuanced assessments of a message’s intended audience provide useful
information about the priority of that content, and content with images is consistently perceived as higher priority
than messages without images (apparently regardless of information type). As a main takeaway, future efforts could
include this audience characterization as an additional learning task, and given participant results showing the value
of multi-task learning, this additional task may open new avenues for improving information systems for disaster
response personnel and other stakeholders.

Lastly, our evaluation of deeper pools provides additional insights, as they tend to preserve the distributions of
actionable information, especially calls to action and information requests, and overall performance rankings of
participant runs. These points have particularly valuable implications for the reusability of the 136,263-tweet
labeled dataset TREC-IS now provides, as ranking stability suggests pools are sufficiently complete to support
system evaluations, though more research is needed to evaluate reusability questions more thoroughly.

Despite several years of running the TREC-IS initiative and the datasets produced, many open questions remain for
the space. Such questions include fusing data from multiple streams, dealing with redundancy in crisis-related social
media, understanding the veracity of information contained in these streams, and others. In total, we hope coupling
the TREC-IS dataset and our findings with other crisis-informatics datasets and resources (e.g., CrisisMMD,
CrisisLex, etc.) provides a solid foundation for future crisis informatics work that answers these questions.
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APPENDIX A: TREC-IS LABELLED EVENT LIST

Table 5. TREC-IS Events
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APPENDIX B: PARTICIPANT RESULTS

Below, we report the raw results of TREC-IS system evaluations in 2021-A and 2021-B, and unlike previous
iterations, a cross-edition evaluation – possible since the submission data is the same across editions. Numeric
scores are not directly comparable between 2021-A and 2021-B because of differences in evaluation data); rather,
rankings and trends within the metrics and orderings among participant systems are better axes of comparison.

Table 6. 2021-A evaluations of submitted runs under the v3.1 evaluation script. For each metric, higher is better.
Bolded numbers are maximal over the full column. No single system exhibits superior performance across all
metrics, though the ucdcs-run3 system has the highest performance in the most metrics.
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Table 7. 2021-B evaluations of submitted runs under the v3.1 evaluation script. For each metric, higher is better.
Bolded numbers are maximal over the full column. No single system exhibits superior performance across all
metrics.

Table 8. Evaluations of submitted runs using all 2021 data under the v3.1 evaluation script. For each metric, higher
is better. Bolded numbers are maximal over the full column. No single system exhibits superior performance
across all metrics, though the ens system submitted on 18 October has the highest performance in the most metrics.
NOTE: Systems submitted earlier in the year were at a disadvantage, as a partial set of labeled data from the
2021-ALL dataset was released over the summer to support the leaderboard.
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ABSTRACT

Despite the outpouring of social support posted to social media channels in the aftermath of disaster, finding and
managing content that can translate into community relief, donations, volunteering, or other recovery support is
difficult due to the lack of sufficient annotated data around volunteerism. This paper outlines three experiments to
alleviate these difficulties. First, we estimate to what degree volunteerism content from one crisis is transferable to
another by evaluating the consistency of language in volunteer- and donation-related social media content across 78
disasters. Second it introduces methods for providing computational support in this emergency support function
and developing semi-automated models for classifying volunteer- and donation-related social media content in new
disaster events. Results show volunteer- and donation-related social media content is sufficiently similar across
disasters and disaster-types to warrant transferring models across disasters, and we evaluate simple resampling
techniques for tuning these models. We then introduce and evaluate a weak-supervision approach to integrate
domain knowledge from emergency response officers with machine learning models to improve classification
accuracy and accelerate this emergency support in new events. This method helps to overcome the scarcity in data
that we observe related to volunteer- and donation-related social media content.

Keywords

social media, crisis informatics, volunteers, donations, emergency support functions

INTRODUCTION

Following major disasters, social media channels are consistently inundated with messages of sentiment and support
for those affected (C. L. Buntain and Lim 2018; Olteanu, Vieweg, et al. 2015). In crisis informatics research,
however, such social support is generally dismissed as low priority, with systems instead focusing on actionable
content e.g., (Purohit et al. 2018; Mccreadie et al. 2019; McCreadie et al. 2020) that increases situational awareness
during and in the immediate aftermath of a crisis event. Despite this research priority, post-crisis recovery – e.g.,
connecting potential volunteers to volunteer opportunities, identifying relief efforts, or disseminating information
about available shelters and aid – can benefit from better information sharing and retrieval methods in social media
(Mccreadie et al. 2019; McCreadie et al. 2020; Glasgow et al. 2016). In fact, this discovery and coordination of
volunteers is a critical aspect of disaster response, as highlighted in Emergency Support Function (ESF) #6 on mass
care, assistance, and human services in the National Response Framework released by the US Federal Emergency
Management Agency (FEMA) (FEMA 2016). Consequently, limited research exists to aid disaster-management
personnel and other stakeholders in using social media for coordinating volunteers and donations during the
post-crisis recovery phase. This paper takes a step toward addressing this gap by 1) evaluating how well common
assumptions in crisis informatics – specifically, consistency in language across disasters – hold in the context of
post-crisis recovery and by 2) introducing a method for integrating domain expertise into language classification
models that identify volunteer-related social media messaging during crises.

To examine common crisis-informatics assumptions, we first highlight that much of the research around crisis-
oriented information systems assumes that discussions across multiple crises are sufficiently similar that insights
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from one crisis are transferable to another (Olteanu, Castillo, et al. 2014; C. L. Buntain and Lim 2018; McCreadie
et al. 2020; S. Ghosh, K. Ghosh, Chakraborty, et al. 2017). While prior work suggests this assumption holds for
expressions of sentiment and other types of information (C. L. Buntain and Lim 2018; Olteanu, Vieweg, et al. 2015),
FEMA’s ESF6 documentation highlights the importance of hyper-local information in coordinating mass-care
capabilities, and such information may transfer poorly across crises. This paper therefore empirically evaluates this
consistency specific to the context of volunteer- and donation-related social media content – to which we refer as
volunteerism discourse – by comparing language models across 78 disasters made available as part of the of the
Incident Streams track at the annual Text Retreival Conference (TREC-IS) (Mccreadie et al. 2019; McCreadie et al.
2020). Using a combination of text analysis and text classification models coupled with algorithmic approaches to
resampling and improving robustness of our statistical estimates, our first study demonstrates sufficient similarities
in volunteer and donation content exist across 78 crises of 13 different types.

Building on these results and ESF6’s guidance on the role of nongovernmental organizations (NGOs) in post-crisis
recovery, we explore methods for integrating domain knowledge about NGOs and their online presence to improve
classification of volunteer and donation content. In particular, we develop and evaluate several computer-supported
strategies and semi-automated models for classifying this social media content in new disaster events by applying
label-spreading and semi-supervision approaches from machine learning to samples of disaster-related content and
content collected from well-established NGO Twitter accounts. Results show that this hybrid, semi-supervised
approach for combining machine learning and domain knowledge significantly improves performance in identifying
volunteer and donation content in new crisis events.

Research Questions We have three principal research questions about applicability of recovery- and volunteer-
related social media messages across disasters of varying types:

• RQ1: How similar is volunteerism and recovery language across different events and event-types?

• RQ2: Are models for classifying volunteer-related information transferable from one crisis to another
especially if they come from a different context? And what are the best sampling strategies to train a generic
model that could be applied for identifying volunteerism content across different events?

• RQ3: How might we improve models for identifying recovery and volunteerism content by enriching our
labeled dataset with domain experts’ insights without the need for time-consuming and labor-intensive
annotation?

Contributions This work’s primary contributions should be of value to two groups: i) crisis-informatics
researchers who want to integrate social media into computer-supported processes for supporting post-crisis
recovery, and ii) NGOs and donation platforms who may want to identify potential volunteers or sources of
donation-and-recovery activity in social media. In particular, we see this work as presenting the following
contributions for these groups:

• An analysis of consistencies in language about volunteerism and donations across disasters and event types,

• Experiments with and identification of good strategies for re-weighting crisis events of similar types when
learning the volunteer/donation information, and

• Best practices for weak-supervision strategies that incorporate crisis-response domain knowledge into the
learning task.

RELATED WORK

This paper touches on three main areas of related work: First, several research efforts have explored the role of
social media in post-disaster community recovery, and we outline how this work supports and builds on such studies.
Second, crisis informatics has provided a significant body of computational methods for identifying relevant and
informative messages in the lead-up and during crises, and we discuss how we leverage these efforts for data
collection and evaluation. Lastly, our efforts to provide computational support for identifying volunteerism content
in social media overlaps with research from the text mining, which we briefly outline.
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Social Media’s Role in Post-Disaster Community Recovery

Prior studies have demonstrated how online spaces support volunteer coordination, especially in the aftermath
of disaster. Early studies of online crisis communication, such as Shklovski et al. 2008, have shown pervasive
information and communication technology (ICT) facilitate reconnection among communities who have impacted
by disaster and accelerate community relief, donations, volunteering, and other recovery support. Numerous related
studies (e.g., Starbird and Palen 2013, St. Denis et al. 2012, Cobb et al. 2014, White et al. 2014) all discuss the
role of virtual, online volunteers organization such as Humanity Road and CrisisMappers and how they promote
technology-supported civic participation in providing support for those in need post disasters. These studies use
digital environments as a platform to promote volunteerism, and understanding the factors that build volunteer
capacity online can provide key insights for organizers seeking to capitalize on post-disaster social support and
convert this support into resources for the effected. Despite these findings, however, examinations of crowdsourced
volunteer-capacity-building practices presented in Dittus et al. 2016 find deficiencies in crowdsourcing efforts in
the aftermath of Typhoon Haiyan, suggesting post-disaster volunteer recruitment strategies are poorly understood.
Relatedly, little study has sought to unify studies of these online volunteers and their roles in community recovery
with processes established by governmental response organizations like FEMA and its ESF6 guidance.

Additionally, throughout these efforts, analyses of these volunteerism efforts are primarily facilitated by qualitative
methods among few crises, leaving opportunities to study volunteerism and local community-based volunteer
groups from a quantitative perspective and evaluate consistencies across disaster events. To this end, this paper
concentrates on Twitter as a model platform for studying volunteerism discourse, as Twitter is an popular social
media platform for discussions of disaster (see , e.g., Reuter, Backfried, et al. 2018 or Mccreadie et al. 2019).
According to Petrovic et al. 2013 and C. Buntain et al. 2016, Twitter is a good place for finding volunteer-related
content since it appears to have better coverage of the long-tail discussion that would come post crisis. Likewise,
social media spaces like Twitter and Facebook are especially valuable for crowdfunding efforts (Borst et al. 2018;
Lu et al. 2014), suggesting further understanding of volunteerism on these platforms can enhance conversions from
observers of a crises to volunteers and donation resources. These studies therefore motivate us to study how to
provide computational support in this emergency support function, which could help practitioners to accelerate and
expand the horizon of the recovery process.

Crisis Informatics and Using Social Media to Improve Situational Awareness

While the above suggests much of the work on volunteerism discourse in social media spaces is qualitative in nature,
a large volume of quantitative work exists on social media and disaster, specifically in the crisis informatics context.
Much of this work, however, has tended to focus on the problem of locating tweets that contain crisis-relevant
information during disasters as a means to improve situational awareness for disaster-management personnel
(Mccreadie et al. 2019). Such studies mainly focus on identifying and retrieving actionable content (e.g., Purohit
et al. 2018, Acerbo and Rossi 2017, Piscitelli et al. 2021, Rossi et al. 2018, and Longhini et al. 2017), which includes
a broad range of information, from requests for search and rescue to messages of caution and advice. CrisisLex
(Olteanu, Castillo, et al. 2014), for example, builds a lexicon of crisis-related terms that tend to frequently appear
across various crisis situations with a focus on increasing recall in identifying crisis-relevant discourse. These same
authors have also developed a dataset consisting of various disasters, called CrisisNLP (Imran et al. 2016), which
gathers human-annotated crisis-related messages. TREC-IS similarly provides multiple Twitter datasets collected
from a range of past wildfire, earthquake, flood, typhoon/hurricane, storm, bombing, COVID, tornado, explosion,
fire, accident, hostage and shooting events manually annotated by expert response officers into 25 information
types based on the information each tweet contains, such as “contains location” or “reports of emerging threats”.
While each of these studies contributes to our understanding of crisis-relevant information during mass emergency
situations, their empirical findings focus on social media as an information source to identify actionable content,
broadcast useful information and raise awareness in the immediate aftermath of an event. However, communities in
recovery are also likely to rely on social media for information sharing, as we discuss above, but may not benefit
from the same sort of situational awareness goals presented in the crisis informatics literature. In fact, a recent
retrospective on the state of crisis informatics by Reuter, Backfried, et al. 2018 analyzes trends in crisis informatics
literature, wherein they find significant focus on large events but limited impact for real-world disaster-management
personnel. Rather, in a different retrospective of the field, Reuter et al. explicitly highlight needs for supporting
citizen-to-citizen assistance and volunteering as an area of future work for crisis informatics (Reuter and Kaufhold
2018). Here, we aim to advance this area by evaluating consistencies in such discourse and developing methods for
identifying specific instances of volunteerism messaging during crises as a path to make crisis informatics more
useful beyond increasing situational awareness.
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Text Mining and Domain Adaptation Across Crises

Transfer learning and domain adaptation are well-studied subjects in Natural Language processing. Transfer learning
solved this problem of data deficit and poor model generalization by allowing us to take a pre-trained model of a
task and use it for others. Promising results from previous works on different types of transfer learning for NLP
include domain adaptation, cross-lingual learning, multi-task learning and sequential transfer learning (Pan and
Yang 2009; Xia et al. 2015; Peters et al. 2018; Howard and Ruder 2018). These results motivate us to investigate
transfering the knowledge of a pre-trained model on previous crisis data into a new unseen events.

We know at the time of any new crisis, there would be the millions of Twitter messages (“tweets”) broadcast at
any given time about that crisis and knowing what information to look for is often difficult. Annotating all these
tweets is time-consuming which is not ideal since we need rapid response to new events. Also, the annotation task
is costly, because we need expert annotators (the same process used in TREC-IS (Mccreadie et al. 2019) paper) to
have high quality data. Although all mentioned studies in crisis informatics assumes sufficient consistency across
different events and builds general models accordingly, the issue of differences across events and how well models
generalize to new events and event-types is still a challenge as mentioned in the SMERP workshop report (S. Ghosh,
K. Ghosh, Ganguly, et al. 2019). Olteanu, Vieweg, et al. 2015 shows differences in the distributions of information
types across several disasters. To expect a decent performance model that applies an existing model to a new event,
first, we need to evaluate a hypothesis that sufficient overlap exists in language across events. In C. L. Buntain
and Lim 2018, the authors study how similar the lexicons are in response across disasters in online social network
contents with the focus mostly on Twitter data. According to their study, commonalities emerge within similar
disasters. Also, they gather words that are common across disaster types such as “victims”/“affected” and “prayer”.
However, what is important for our studies is how consistent the language around volunteer- and donation-related
languages are across different events. By evaluating the consistency of language in volunteer-and donation-related
social media content across different disasters and identifying the common pattern among them, we could assume
there is enough similarity between events to train one super model that is transferable to the new and unseen events.

RESEARCH DESIGN

To identify applicability of volunteer- and donation-related social media messages across disasters of varying types,
we conduct three experiments. Each study seeks to address one of the research questions. In the first experiment,
we analyze consistencies in language about volunteerism and donations across disaster events and event types.
This analysis tests our first research question if sufficient overlap exists in volunteerism content across events to
make a cross-event model useful. Then to answer second research question, we train a simple machine learning
model to measure the performance of this cross-event model on unseen events. We also evaluate some common
sampling strategies like up- and down-sampling and compare them to tailored re-weighting strategies for crisis
events of similar types. Results of the first and second studies suggest that sufficient overlap exists in the language
of volunteerism that we can build standard machine learning models to identify useful content.

The third study answers whether domain experts’ insights about the social context of crises increase the accuracy of
standard machine learning models. We design the third experiment to test the impact of integrating domain experts’
insights to identify available unlabeled data sources for expanding training data. To this end, we analyze which
sources of data are useful for augmenting our initial dataset and how we could collect this additional data. Then, we
experiment with different weak supervision approaches for integrating these unlabeled data with the hand-labeled
data. Reducing manual assessment requirements and therefore time needed to assess this content can facilitate
practitioners’ integration of experts’ insights. Such rapid assessment and adaption are crucial for tailoring existing
models according to the emerging need of a new crisis.

STUDY 1: CONSISTENCY IN VOLUNTEERISM ACROSS CRISES

We conduct the first study to evaluate our first research question. We analyze consistencies in language about
volunteerism and donations across disaster events and event types.

Datasets

For our study, we focus on the TREC-IS (Mccreadie et al. 2019) dataset since it contains a considerable number of
volunteer- and donation-related tweets. We extract volunteer- and donation-related information types. For TREC-IS
data, we collect all labeled tweets from 2018, 2019, 2020 and 2021A datasets. This data contains tweets related to
78 different crisis events. Relevant crises for TREC-IS include 13 natural and man-made event-types: wildfires,
earthquakes, floods, typhoons/hurricanes, storms, bombings, shootings, explosions, tornadoes, accidents, fire,

Core Paper – Social Media for Crisis Management
Proceedings of the 19th ISCRAM Conference – Tarbes, France 2022 608 



Pooneh Mousavi et al. Crisis Volunteers on Social Media

hostages and COVID-19. TREC-IS tweets are categorized into 25 high-level information types. From these 25
categories, we only consider “CallToAction-Volunteer”, “CallToAction-Donations”, “Request-GoodServices”, and
“Report-Service Available” as volunteer- or donation-related labels. Other information-types are mostly related to
general information or actionable content, which cover other types of non-recovery content. We further exclude
tweets annotated as “Irrelevant” from our dataset and those tweets that contain fewer than four words. From 98,391
total labeled tweets, 4,063 include volunteer-related labels, which is a relatively small portion of the data (about
4.1%).

As a prepossessing step, we remove punctuation, hyperlinks (i.e., URLs), emojis, and stop words like "https" and
"http" from each tweet’s text. We also transform letters to lowercase, extract bigrams, lemmatize the remaining
words, and only keep NOUNs, ADVERBSs, ADJECTIVEs, and VERBs.

Method

To evaluate how similar volunteer-related messages across events and event types are, we measure similarity in
language between pairs of event-types, under the expectation that recovery- and volunteer-related content will be
largely similar regardless of underlying event-type. We use cosine similarity as a similarity metric to measure how
similar the documents are irrespective of their size. Mathematically, it measures the cosine of the angle between
two vectors projected in a multi-dimensional space. The cosine similarity is advantageous because even if the
two similar documents are far apart by the Euclidean distance (due to the size of the document), chances are they
may still be oriented closer together. The smaller the angle, the higher the cosine similarity. We calculate cosine
similarly between a representative embedding vector from each pairs of event-types using sentence-embeddings
generated from a pre-trained Sentence-BERT (Reimers and Gurevych 2019) language model. This representative
embedding is comprised of sentence-embeddings averaged over all tweets in a particular event-type. In testing
other embedding methods, we saw limited differences in results. We also try to confirm that volunteer-related
content should have higher similarity across different event-types compared to other information categories by
measuring similarity in language between pairs of event-types for all 24 information categories independently and
taking the mean over the similarity scores for all event types and comparing how similar the language are across
all event-types for each information category. We binarize this dataset into: “All-Volunteer”, containing tweets
labeled as "CallToAction-Volunteer", "CallToAction-Donations", "Request-GoodServices" and "Report-Service
Available", and “All-Non-Volunteer”, containing tweets labeled with remaining information categories. We expect
tweets from the latter group should not be very similar to each other compared to volunteer tweets since recovery-
and volunteer-related tweets come from the same topic-oriented selection process.

Results

Figure 2 shows the pair-wise similarities across volunteer-related content from different event-types. As one might
expect, natural crises have high similarities with each other, for example, floods and typhoons have extremely high
similarities. In a less obvious example, floods and typhoons also have a high similarity with earthquakes. Also,
we observe that more anthropogenic crises like bombings and shootings have lower similarity in recovery- and
volunteer-related content compared to natural crises. Bombings and shootings cannot be discounted completely,
however, as they are still similar to volunteer-related content posted around wildfires. This result motivates us to
seek some heuristic for sampling strategies based on the hierarchy of event-type (natural vs manmade).

Table 1 shows the average similarity score across all events for each information types. As we expected, "Donations"
and "Volunteer" information-types have higher similarity scores compared to other contents while "Service
Available" and "Good-Service" have slightly lower scores. As shown in the bottom section of the table, one could get
a higher similarity score by grouping all volunteer content together compared to the score obtained from tweets from
other content. This result is consistent with our expectation that non-volunteer tweets should not be very similar
to each other compared to volunteer tweets since volunteer-related content comes from the same topic-oriented
selection process. Figure 3 shows examples of volunteerism tweets. Even though these tweets were posted at
different times and for different crises, we could still observe the consistent pattern in tweets’ language asking for
donations and other volunteer supports.

The results from this study answer our first research question. Therefore, we could assume there should be decent
similarity in volunteerism and recovery language across different events and event-types. Based on these findings,
we conduct our next study to evaluate if by leveraging the similarity in volunteer data, we could construct a general
machine learning model that is transferable from one crisis to the other.
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Figure 1. Distribution of recovery-related tweets over crises of evaluation set. A clear imbalance exists between
recovery- and non-recovery-related data.

Figure 2. Heat map of event-types similarity on volunteerism tweets. The similarity matrix is obtained by generating
sentence embeddings for each tweet using a pre-trained language model and taking the average for each event-type
and measuring cosine similarity among them.
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Information type mean std # tweets +95ci -95ci
CallToAction-Donations 0.7425 0.1193 1099 0.7648 0.7202
CallToAction-Volunteer 0.6632 0.1519 290 0.6916 0.6348
CallToAction-MovePeople 0.6236 0.0983 882 0.6420 0.6052

Other-Advice 0.6703 0.1115 3781 0.6878 0.6528
Other-Sentiment 0.6552 0.1036 11627 0.6714 0.6389
Other-ContextualInformation 0.6422 0.1036 4884 0.6599 0.6245
Other-Discussion 0.6297 0.1036 5364 0.6460 0.6135

Report-Weather 0.6671 0.1236 8473 0.6956 0.6385
Report-MultimediaShare 0.6455 0.1076 24105 0.6624 0.6286
Report-News 0.6386 0.1095 19404 0.6558 0.6214
Report-Location 0.6332 0.1140 26120 0.6526 0.6137
Report-ServiceAvailable 0.6281 0.2179 2533 0.6653 0.5909
Report-EmergingThreats 0.6279 0.0970 7367 0.6460 0.6097
Report-Official 0.6276 0.1159 3106 0.6458 0.6094
Report-ThirdPartyObservation 0.6223 0.1095 19060 0.6395 0.6051
Report-Hashtags 0.6018 0.1286 17208 0.6220 0.5816
Report-Factoid 0.5992 0.1215 11006 0.6183 0.5802
Report-FirstPartyObservation 0.5981 0.1217 5496 0.6172 0.5790
Report-NewSubEvent 0.5823 0.1134 2919 0.6016 0.5629
Report-CleanUp 0.5806 0.1690 516 0.6121 0.5490
Report-OriginalEvent 0.5402 0.1175 5046 0.5602 0.5201

Request-GoodsServices 0.6037 0.2144 361 0.6532 0.5542
Request-InformationWanted 0.5414 0.1475 509 0.5645 0.5182
Request-SearchAndRescue 0.4876 0.1854 308 0.5304 0.4447

All-Volunteer 0.7270 0.0855 4063 0.7416 0.7124
All-Non-Volunteer 0.6417 0.1083 50927 0.6587 0.6247

Table 1. Similarity scores across different information categories average over different event-types from TREC
Dataset. The top section shows the average similarity score for each information category. Volunteer-related
information categories are shown in bold. "Donations" has the highest similarity score among all information types
and "Volunteers" has a relatively high score. However, "ServiceAvaiable" and "GoodService" achieve lower scores.
The bottom section shows the average similarity across all tweets annotated as any of the 4 volunteer-related labels
and similarity score for tweets belong to other information categories. The first group getting higher similarity
score justifies the validity of our first hypothesis that there is sufficient overlap exists in the language of volunteerism
across events. First and second columns shows mean and standard deviation respectively average across all tweets
labeled as the corresponding information type. Third column shows number of tweets for each information type.
There are some overlaps since each tweets could be annotated by more than one category. The last two columns
indicated the lower and upper bounds of the 95% confidence interval respectively.

STUDY 2: TRANSFERABILITY OF VOLUNTEERISM DATA ACROSS CRISES

In this study, we examine how we can build general classification models that are adopted across different events
and event-types to answer our second research question. We also train standard machine learning models with
different common sampling strategies and tailored re-weighting strategies and compare their performances.

Datasets

To extend our volunteer-related tweets, we look at and CrisisNLP (Imran et al. 2016) data, from 9 information types
offered in Imran et al. 2016, we consider the “Donation needs or offers or volunteering services” type to identify
requests and offers for volunteering. We collect 594 tweets from this set as well, adding these new tweets to the
TREC dataset, raising the total number of volunteer-related tweets to 4,657.

As a prepossessing step, we remove punctuation, hyperlinks (i.e., URLs), emojis, and stop words like "https" and
"http" from each tweet’s text. We also transform letters to lowercase, extract bigrams, lemmatize the remaining
words, and only keep NOUNs, ADVERBSs, ADJECTIVEs, and VERBs.

Method

To assess the transferability of the model, we do cross-validation experiments using a simple support vector machine
model (SVM). We use TF-IDF as a feature vector. We do experiments with different embedding methods such as
BERT but we saw limited differences in result. Consequently, we decide to use SVM and TF-IDF to keep the model
as simple as possible since the main focus of the study is how to choose the best sampling strategies and how and
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Figure 3. Examples of Volunteer- or Denotation-related tweets. In the first column, the first tweet is related to 2013
typhoon Yolanda, the second one is for 2015 Cyclone Pam and the last one is related to 2015 Nepal Earthquake. In
the second column, the top tweet is for 2014 Philippines Typhoon Hagupi, the middle one is related to 2015 Nepal
Earthquake and the bottom one is about donations for victims of 2015 Paris Attacks. Even though all of these tweets
related to different events happened over different years, we could observe the similar language among them related
to donations and volunteerism. Usernames are masked to protect the privacy of the users.

which data to integrate to mitigate the imbalance problem. Once decided o the best strategies, we could easily adapt
more complicated models like neural network models to use them.

For the cross-validation, we hold out one event, train on other events and report the evaluation metrics on the
held-out event. We use precision, recall, and F1 as our evaluation metrics. Our goal is to increase the F1 score since
it shows a balance between precision and recall. Having high precision while maintaining high recall is important
since we need to be able to collect more volunteer related tweets to cover different types of volunteerism contents
(having high recall) while trying to lessen the number of false-positives (i.e., maintaining high precision).

The main challenge we face during training is how to lessen the effect of class imbalance issues, since the
volunteer-related data is a small portion of our labeled data. For handling class imbalance problem, we experiment
with different re-balancing strategies and compare their performance. We evaluate 8 different event-driven sampling
and re-weighting strategies. We will discuss each of them briefly.

• No Re-balancing without any Up-weighting (NONE): We use the imbalanced data that we have without
balancing or re-weighting our data in any form.

• No Re-balancing with Up-weighting (NONE-UPW): We use the imbalanced data but assign higher weights
to the training data with similar event-type as a held-out event while training.

• Down Sampling without Up-weighting (DOWN): We down-sample from the majority class, without
replacement and we assign the same weight to all the training data.

• Down Sampling with Up-weighting (DOWN-UPW): We down-sample the majority class, but this time we
assign higher weights to the samples from the same event-type of a held-out event.

• Up Sampling without Up-weighting (UP): We repeatedly take samples, with replacement, from the minority
class until the class is the same size as the majority with equal weight for all samples.

• Up Sampling with Up-weighting (UP-UPW): We up-sample the minority class, but this time we assign higher
weights to the samples from the same event-type of a held-out event.

• Event-type weighting scheme (UP-EV): In this sampling strategy, during up-sampling minority class, events
of the same type are 10 times more likely to be sampled. But equal weight is assigned to all the training data
during training.
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• Hierarchy of event-types (UP-HEURISTIC): We categorize our event-types into two categories: man-made
like shooting, natural such as earthquake and general when using other source of unlabeled information for
data augmentation. We annotate data of the same event-type with the highest weight, data of the same “kind”
of the event (manmade vs. natural) weighted 6, annotated data of other “kinds” of events weighted 3, and
augmented data with the lowest weight. We sample data according to these weights.

Improving Estimates of Variation To evaluate how our model performs across different unseen events, we hold
out one event as a test and train our SVM model on the remaining data. One of the problems in this approach is that
the volunteer data is not normally distributed among all events. For example, events related to earthquakes contain a
much larger share of volunteer-related tweets than shooting-related events. For this reason, we exclude individual
events with fewer than 30 examples of volunteer tweets from our evaluation set. We end up with only 27 events
as our evaluation set. As shown in Fig 1, this volunteer-related content is exceedingly rare. To estimate variation
across this small number of events which we can use as a evaluation set, we use re-sampling with replacement to
create new training sets for each of the 27 events we use for evaluation following the approach proposed by Beleites
and Salzer 2008 to increase the robustness and confidence of our result. We have 𝑘 = 78 events in total, and 𝑛 = 27
events where we have sufficient positive samples for estimation, where n « k. We want to replicate each event-fold z
times to boost the number of observations we have for our models’ performance metrics, which should provide
𝑛 × 𝑧 total estimates of precision, recall, and F1. We estimated 𝑧 should be equal to 20 for achieving 0.025 standard
error, which sufficiently constrains standard error measures such we obtain tighter confidence intervals on model
performance relative to the variation across methods (i.e., we want to avoid wide confidence intervals that are driven
solely by the small number of events). Also, since this procedure is computationally intense, we run an evaluation
for every single re-sampled fold for a given event on a separate cluster in parallel and aggregate the result.

Results

Table 2 shows different sampling and weighting strategies for different performance metrics. While "NONE" achieves
the highest precision score, all up-sampling strategies also get comparably high precision. Both down-sampling
strategies get lower precision scores compared to other sampling and weighting strategies while achieving the
highest recall. Most up-sampling strategies also maintain good recall scores. Therefore, as shown in table 2, "UP",
"UP-UPW", "EV-Up" and "UP-HEURISTIC" achieve the highest F1-score with a very slight difference. All these 4
strategies outperform other weighting and sampling strategies on recall while preserving relatively high precision
and therefore high F1 score.

method precision recall f1_score f1_ci pr_ci re_ci
UP-EV 0.46362227331499767 0.6483887220908487 0.5196421615164815 0.014840919874698611 0.01527648071838506 0.015118554133924907
UP 0.44484703238710377 0.66954601348409 0.5151524517303945 0.0148156079269787 0.015223823083567744 0.015020806721141958
UP-HEURISTIC 0.45525515273745476 0.6489296063325118 0.5131033246585379 0.014787955666297667 0.015390106048238145 0.015041059572206288
DOWN 0.3854112989249049 0.7132698157192792 0.4780747939643004 0.014719894130712497 0.014402532369603713 0.014714083379137686
UP-UPW 0.41487700255178805 0.5103035188741323 0.4384878234896081 0.013279318198064558 0.015373907611752925 0.013506650386880375
NONE-UPW 0.47955414179096717 0.4036340324515155 0.42081898584360616 0.01256219474918321 0.015452133212385921 0.01261356073371204
DOWN-UPW 0.3175070623498344 0.6833994377123236 0.4120168005623443 0.014325301533015599 0.014304293802491479 0.011974368465014283
NONE 0.7209994535977459 0.20344515707743355 0.28928005927750894 0.014678212669937183 0.01769623595968339 0.01293471647714322

Table 2. Performance of our Model for different sampling strategies sorted by F1 score. All four variations of
up-sampling strategy outperforms other re-weighting approaches on recall and F1-score while preserving relatively
high precision.

STUDY 3: WEAK SUPERVISION FOR INTEGRATING DOMAIN EXPERTISE

Previous studies (e.g., Ratner et al. 2019, Alfonseca et al. 2012, Bunescu and Mooney 2007, Mintz et al. 2009,
Rekatsinas et al. 2017, Zhang et al. 2017) shed light on the utility of weak supervision and heuristic methods for
many tasks. Similarly, practitioners are increasingly turning to weak supervision to reduce costs of manual labeling,
especially when domain expertise is required. The existence of common patterns across crisis events; the sparsity of
volunteer-specific manually labeled content; the cost of annotation; and the availability of massive, unlabeled data
likewise leads us to experiments in using weak supervision for improving volunteerism classification systems. This
ability could enhance computational assistance for emergency response officers and their core support functions by
providing fast, low-cost paths to integrate new knowledge into our models. These potential enhancements stem
from two sources: First, in times of crisis, the ability to respond fast is essential, but high-quality annotation is often
slow, as new messages need to be labeled by costly expert annotators. Second, we have many useful pieces of data,
other than tweets related to previous crises, that could reduce dependence on perfectly and fully labeled data. For
example, we could use domain experts’ knowledge to identify accounts that have high volumes of relevant content
and integrate them with our initial datasets.
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To examine these approaches, we pose the following research question: What source of weakly supervised
volunteerism data leads to the largest performance improvements in our models? We therefore compare weakly
supervised methods applied across three data sources: fully random Twitter data, a collection of unlabeled
crisis-related content, and a dataset of tweets collected from a small set of aid organizations’ Twitter profiles.
These sources represent increasing levels of domain knowledge, from absolutely no domain knowledge needed to
knowledge about domain-relevant search terms to deep insights about good sources for volunteerism content. Our
expectation here is that these three sources will provide increasingly more samples using weak supervision, which
will improve our models’ performance. These experiments test different ways to identify and collect such data, and
based on our results, we suggest optimal strategies for applying weak supervision to insights from domain experts.

Datasets

As our first weak-supervision data source, we construct a dataset of approximately 60k randomly sampled English-
language tweets. This sample is drawn from a collection of complete timelines for 5,000 US Twitter users developed
at the Center for Social Media and Politics, where US accounts have been geolocated via network analysis. Each
user should have an approximately complete timeline up to the end of this archive in 2019 and is restricted to users
who posted more than 100 times between January 1, 2015 and December 31, 2017. We then randomly select tweets
from across these users’ timelines, which we call the “Random” dataset.

Our second source of weakly supervised data comes from a large pool of unlabeled crisis-related content from
TREC-IS. While the first source can contain any kind of social media content, this second source is focused on
ostensibly crisis-related content that TREC-IS organizers collected using crisis-related search terms, similar to the
CrisisLex collections Olteanu, Castillo, et al. 2014. From this set, we randomly select 59,734 tweets from unlabeled
TREC-IS data and call this dataset the “UnlabeledCrisis” data.

Lastly, to augment our data with experts’ domain knowledge, we extract the top-5 most common volunteer
organizations mentioned in labeled tweets, which include UNICEF, Red Cross (America, Canada, and Philippines),
and World Food Program. We further extend this list using the volunteer organizations mentioned in ESF6 (FEMA
2016). These accounts represent a set of relevant sources for volunteerism information and are entities with which
practitioners are already familiar (as the ESF6 list demonstrates). Consequently, a domain expert might be able to
construct such a list quickly and far more rapidly than actual message annotation. Pulling the 3,250 most recent
tweets from accounts associated with these organizations (Table 3), we construct a new dataset, referred to as the
“NGO” dataset.

NGO Twitter Account Collected Tweets Description
American Red Cross 3250 The American Red Cross is a non-profit humanitarian organization

provides emergency assistance and disaster relief in the United States.
Canadian Red Cross 3250 The Canadian Red Cross provides assistance to Canadians experienc-

ing an emergency or disaster.
UNICEF 3250 UNICEF is a United Nations agency responsible for providing hu-

manitarian and developmental aid to children worldwide.
Philippine Red Cross 3250 The Philippine Red Cross is committed to provide quality life-saving

services especially for indigent Filipinos in vulnerable situations.
World Food Programme 3250 The World Food Programme is the food-assistance branch of the

United Nations.
Operation Blessing Foundation Philip-
pines, Inc.

3250 Operation Blessing is a non-governmental organization accredited by
the Philippine Council for NGO Certification as a donee institution.

Points of Light Foundation and Volunteer
Center National Network

3243 Coordinates unaffiliated volunteers and meets the needs of the local
community and other disaster response agencies.

National Voluntary Organizations Active
in Disaste(NVOAD)

3165 NVOAD is a nationwide coalition of organizations that work together
in all phases of disaster.

Jewish Response to Disaster 3050 NECHAMA is a volunteer-driven nonprofit headquartered in the Twin
Cities of Minnesota.

MNA TAG Disaster 619 Presbyterian Church in America (PCA) Mission to North America
(MNA) Disaster

Table 3. NGO accounts that appeared in volunteerism-labeled data or are mentioned in FEMA. We pull the most
recent 3250 tweets from these volunteer organizations’ tweeter accounts. The difference in the number of fetched
tweets is because some organizations posted fewer than 3250 tweets in total.

Method

Given these three data sources of increasingly specific, we answer our research question by evaluating modeling
performance after applying weak supervision methods to these sources. To this end, we apply several weak
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supervision approaches to this data to create new, augmented training sets. For consistency, we run all these
evaluations by retraining the best-performing model from above, UP-EV, on the augmented datasets.

In our first approach, we augment our training set with the NGO dataset, naively labeling all content from NGOs as
being positive samples, or instances of volunteerism. This approach represents a basic for of weak supervision that
has little technical requirement or sophistication but may nonetheless perform well, as these NGO sources primarily
share recovery-related content.

In second setting, we use the label spreading (Zhou et al. 2004) algorithm to annotate unlabeled data. This algorithm
“spreads” information from labeled points to unlabeled points based on the similarity between labeled and unlabeled
samples. E.g., an unlabeled message that is most similar to several volunteerism-related messages will have that
label “spread” to it. As the feature vector for the label spreading algorithm, we use word-embeddings, similar to
Study 1, and have evaluated several embedding methods for robustness, including “Glove Tweeter 100”, “Glove
Tweeter 200” and “Fast-text”. We see limited variation in performance across embedding models, suggesting our
results are robust to embedding selection; got forward, we use “Fast-text” as it appears to have the best performance.
Therefore, we report our result with "Fast-text" as a word-embeddings and 0.8 as a threshold for the rest of the
paper. Finally, we augment the original training set with all tweets that receives the “volunteerism” label via label
spreading and retrain our models.

Lastly, our third approach uses semi-supervised methods. We train a logistic regression model using our labeled
data with word-embeddings as features and add those samples from the unlabeled data that receive a high probability
(> 0.8) of being a volunteerism sample to the original training dataset. We have experimented with different
thresholds and found that a threshold of 0.8 outperforms others in both precision and recall.

In summary, we retrain and evaluate the performance of UP-EV model with 9 different settings regarding the
augmented data and weak supervision approaches:

• Baseline UP-EV

• Augmented by Random Data Labeled via semi-supervision (Semi-Random+Labeled)

• Augmented by Unlabeled Crisis Data Labeled via both label-spreading (LS-UnlabeledCrisis+Labeled) and
semi-supervision (Semi-UnlabeledCrisis+Labeled)

• Augmented by NGO Data All naively labeled as “volunteer” (All-volunteer-NGO+Labeled)

• Augmented by NGO Data Labeled via both label-spreading (LS-NGO+Labeled) and semi-supervision
(Semi-NGO+Labeled)

• Augmented by NGO and Unlabeled Crisis Data Labeled via both label-spreading (LS-NGO+UnlabeledCrisis
+Labeled) and semi-supervision (Semi- NGO+UnlabeledCrisis +Labeled)

Results

Table 4 indicates that labeled data augmented by NGO and annotated via semi-supervision outperforms each
sampling and weak-supervision strategy on F1 and precision, while preserving relatively high recall. We could
observe the same trend for labeled data augmented by both NGO and UnlabeledCrisis data, and annotated by a
semi-supervised approach. Highest recall is related to labeled data augmented by NGO and UnlabeledCrisis data,
and annotated by Label-Spreading. Table 4 also illustrates the semi-supervised method (with any data setting)
outperforms Label-Spreading and naive all-volunteer methods. Similarly, both label-spreading and semi-supervised
approaches achieve higher scores when augmenting our labeled data with both NGO and UnlabeledCrisis data
compared to the baseline ’UP-EV’ method without weak supervision.

These results highlight two points: First, they show the utility of weak supervision for the volunteerism domain, as
augmenting our training data with weakly supervised labels increases overall performance. Second, these results
inform the the importance of integrating domain knowledge to identify additional sources of data to augment the
initial dataset. Surprisingly, we could observe limited difference between the performance of UnlabeledCrisis and
Random data despite our expectation that relevant crisis data would prove more useful than a truly random dataset,
which may contain large volumes of pop-culture and entertainment references. In fact, augmenting with Random
data achieves slightly better recall than UnlabeledCrisis data, though, less surprisingly, in both precision and F1,
UnlabeledCrisis data shows slightly better performance compared to Random data.

In Figure 4 and 5, we study the effect of integrating the dataset with additional unlabeled crisis corpus identified
by domain experts for each event-type and event respectively. These comparisons test whether the results are
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consistent with what we have seen in general trends (averaging over all event-types or events). We only report
result for eight of the thirteen event-types (others are omitted for too little data), including bombings, COVID,
earthquakes, explosions, floods, tornadoes, typhoons and wildfires. Figure 4 shows all event-types benefit from
integrating domain knowledge with regard to F1 score since all event-types get higher F1 scores using model trained
on “Semi-NGO-Labeled” data. Regarding precision, all event-types except typhoons (which gets slightly lower
score compared to “UP-EV”) achieve higher precision using “Semi-NGO-Labeled” data. Additionally, almost all
event-types benefit from integrating other sources of data during training process for recall. The only exceptions are
floods and tornados, both of which achieve scores comparable to models trained only on hand-labeled data. Figure
5 shows detailed comparison between two models, “UP-EV” and “Semi-NGO+Labeled”, for each event.

method precision recall f1_score f1_ci pr_ci re_ci
Semi-NGO+Labeled 0.484690326510111 0.670015482236968 0.5430757379491981 0.014642617061920162 0.015133022691270542 0.014838692826945513
Semi-NGO+UnlabelledCrisis+Labeled 0.47618814485323074 0.6694252257890847 0.5364832570046804 0.015225021420742755 0.016093096524792287 0.014658189126596844
Semi-UnlabelledCrisis+Labeled 0.45577122315508994 0.677959812431114 0.5245908201144224 0.014517073694202092 0.01509047122564312 0.014782582348527317
Semi_Random+Lableled 0.44540396723631875 0.6899158039402074 0.5206537742228666 0.014411670561331025 0.014807907819918155 0.01533092302236643
UP-EV 0.46362227331499767 0.6483887220908487 0.5196421615164815 0.014840919874698611 0.01527648071838506 0.015118554133924907
LS-NGO+Labeled 0.4358083023961947 0.6998034255632005 0.5167804948650097 0.015068327070856534 0.015273322190317642 0.014953710375501363
LS-NGO+UnlabelledCrisis+Labeled 0.3896762868851393 0.7312302737969972 0.4847963658173305 0.015701551491840687 0.01592885949399968 0.01485845672318689
LS-UnlabelledCrisis+Labeled 0.38935472678782057 0.7202094463539347 0.48059522658567627 0.014988211260089049 0.015188688043551678 0.014502122064445917
All-volunteer-NGO+Labeled 0.3741964594202213 0.7073406585423956 0.46149239762328925 0.015037365433277564 0.015098241418655053 0.015121041905554822

Table 4. Model Performance Across Weak-Supervision Strategies, Sorted by F1 Score. In general, integrating
domain expertise appears to improve performance in all three metrics. Semi-supervised approaches outperform
other integration strategies.

(a) Precision (b) Recall (c) F1 Score

Figure 4. Cross-Event Performance for Baseline (UP-EV) and Best Weak-Supervision Models (“Semi-
NGO+Labeled”). All event-types appear to benefit from added domain expertise to augment training data.

POST-STUDY ANALYSIS

Table 4 indicates labeled data augmented either by Random or by UnlabeledCrisis gets comparatively the same
performance in all three metrics. This finding contradicts our expectations, as random content in social media is
much less likely to contain relevant crisis information than the unlabeled crisis dataset. To evaluate why there is
such limited difference between the Random and UnlabeledCrisis sets, we examine the resulting set of tweets that
get added to our augmented datasets from all three different sources.

Surprisingly, with semi-supervision using the EV-UP model and an inclusion threshold of 0.8, we find only 1,753
and 1,771 tweets are added from the Random and UnlabeledCrisis datasets respectively. In contrast, this same
procedure produces 6,051 weakly supervised volunteer-related tweets from the NGO dataset. Contrary to our
expectations, little difference exists in relevant but unlabeled data between the Random and UnlabeledCrisis datasets.

One possible reason is class imbalance issues for volunteer content. UnlabeledCrisis would not be as effective
as NGO data since the main focus is not volunteer-related content and we know from Study 1 that there is much
less volunteer-content compared to other information-types. The small number of retrieved positive tweets from
UnlabeledCrisis might be because the volunteer-related data is a small portion of this data. NGO dataset contains
more volunteer- and donation-related content since the NGO dataset is the only source in our experiment that is
gathered using expert knowledge. In contrast, the UnlabeledCrisis dataset contains crisis data without considering
the types of message the tweet contains (volunteer or not). This difference might explain why UnlabeledCrisis data
has almost the same performance as Random dataset. Therefore, we could conclude, when identifying external
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(a) Precision

(b) recall

(c) F1 Score

Figure 5. Comparison the performance of two models : “UP-EV”, which applied “Event-type weighting scheme” on
only labeled data; and “Semi-NGO+Labeled”, which apply “UP-EV” sampling strategy on labeled data augmented
with NGO data, aggregating the event-level performance. Though we could see 5 out of 27 events, namely
fireYMM2016, hurricaneFlorence2018, manilaFloods2013, philiphinesFloods2012 and typhoonYolanda2013, get
lower F1 score when trained on augmented data, the majority of events benefit from integrating domain’s expertise
to expand the initial seed in F1 metric.
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sources, it is more effective to find more volunteer-related sources (such as NGO’s accounts) rather than using any
large available unlabeled crisis corpus. This recommendation could be even more important when we are dealing
with types of data that are rare compared to other information types.

DISCUSSION

In this work, we seek to improve on previous works on volunteerism discourse in social media spaces (which are
mostly qualitative in nature) by introducing the quantitative and computational approach that could merge massive
available data posted on social medias during and aftermath of the crisis with domain expertise to help emergency
response officers and stakeholders looking to social media for coordinating volunteers and donations.

On The Applications of Weak supervision to Other Information Types

We focus on volunteerism because it has not been sufficiently studied in the post-disaster case, but such approaches
could be used for other information types as well. Our methodologies can be applied to any information type
as far as there is enough consistency across varying events. Applying the same pipeline and using Table 1 as a
guide reference, one could evaluate the existence of overlap in language across different events and implement
a generalized and pre-trained model that is transferable across different events. The method we apply above for
estimating standard errors could be useful to deal with the limited number of volunteerism data and increase the
confidence of the reported result by creating multiple random copies of the available data. We believe this approach
could be generalized to other domains whenever facing the similar issue of limited available observations. It may be
a useful method to apply by future participants of the TREC-IS track to increase the confidence of their results
and implement more robust models. Using other techniques like few-shot learning (Wang et al. 2020; Sun et al.
2019) and adaptors (Pfeiffer et al. 2020) could be applied to deal with few available volunteerism contents by
leveraging a large number of similar tasks in order to learn how to adapt a base-learner to a new task for which only
a few labeled samples are available if using more complicated models, for example, Recurrent Neural networks or
Transformer-based models. But it is out of the scope of this paper, since our main focus in on how to integrate the
available data using domain experts’ knowledge to get better results. We leave this as a future work.

Integrating Domain Experts’ Insights

Knowledge of the domain and its stakeholders, and empowering domain experts to identify useful additional sources
of data that could be integrated with initial hand-labeled dataset can enhance accuracy of the model to identify
recovery and volunteerism content across various events. We integrate recent posts related to the top mentioned
accounts in our labeled data along with a subset of volunteer organizations identified by ESF6 and unlabeled random
data from the previous crisis and we have seen improvement in the accuracy of the machine learning models. There
are many other resources that could be used namely replies(discussion) to the annotated tweets or tweets related to
followers of the Top NGOs or frequently mentioned users in the annotated set. We could leverage Domain Experts’
Insights into which data to include to expand our data-set without the need to annotate these data. It could be an
interesting future research path to examine how we could leverage domain knowledge for other information types or
other domains and how we could collect additional data that are useful to the goal that we want to achieve. For
example, if the goal is to train models tailored for COVID-19 volunteerism, it may be useful to collect tweets from
CDC or other health officials’ Twitter accounts. In another scenario, if we want to train a model that could identify
"Search and rescue" tweets for pets, we may collect tweets posted by pet-advocates communities across different
social media’s platforms. For each model we could get advice from the domain experts on how to expand our initial
sets and make them more adaptable to the goal in mind.

Computer-Supported Cooperative Work in Engaging Local Voluntary Organizations

ESF6 has a top-level function on coordinating local voluntary and faith-based organizations in the recovery stage of a
disaster, and while emergency response officers are likely to have know a core set of community relief organizations,
local agencies may be unknown to them. Identifying these local groups is non-trivial task that may need lots of
efforts. By leverage the knowledge from prior events, one could identify these voluntary organizations in an efficient
and computational approach since we expect to be a consistency in the language of these groups as we have seen in
the examples shown in 3. For example, the language for asking donation is mostly similar in both earthquake and
flood events. Therefore, by having the tweets posted by local volunteer groups during earthquake, we have a higher
chance to retrieve the new emerging faith-based organizations related to flood. Also, the mechanism that we have
described for augmenting our data specially the NGOs-expansion could be helpful for this end. One could augment
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the data with posts of a core set of known community relief organizations to identify local agencies since both of
them using the similar language for coordinating volunteer supports and donation.

Also, by using volunteer organizations mentioned by FEMA, we limit the augmented data to US-based volunteer
groups. It may be helpful to expand the list of NGOs with the list of volunteer groups identified by the National
Emergency Support agencies for each country to get a broader knowledge about local voluntary organizations
worldwide and for each region.

LIMITATIONS

Our first limitation is our model is reliant on extant labels of non-experts from TREC-IS. Even though we apply
different weak supervision approaches to expand our dataset, there is still room to analyze how to make the model
less labor-intensive. Also, since we only rely on data from TREC-IS and CrisisNLP, the trained model may suffer
from the potentially incomplete view of an event. We may miss specific aspects of volunteer tweets that are not
considered in information-types suggested by TREC-IS and CrisisNLP. Moreover, the way that we have expand our
data may suffer some deficiencies. First, we do not know how much local insight we get from the data, especially
with our NGO-based expansion. For example, we may miss local organizations, such as churches, that are opening
up for shelter or food. It would be an interesting avenue for future work to try to expand the dataset specifically for
each event based on the the main goal of the model (for example, focusing on food donation) by applying expert
knowledge instead of using more broader approaches like what we have done with top NGOs that are applicable
across all events.

Our work is also necessarily based on the language of the message, not the user, so we could miss content from
NGO- or volunteer-type accounts that are relevant but use different language. Finally, our model is language-specific
in evaluation, since our TREC-IS and CrisisNLP data set only contain English tweets. We may miss some
valuable content that are posted in other languages than English, which is a known and common limitation
among crisis-informatics systems (despite practitioners’ requests for more multi-lingual solutions). If a crisis
happens in the regions which speaking another language than English, it is highly probable that people post their
volunteer-related contents in the native language since it is faster and easier to broadcast information, promote
volunteering opportunities and encourage more local people to engage. Focusing on languages other than English
could be helpful in expanding our dataset around volunteerism especially for local non-native English-speaking
regions.

CONCLUSION

This paper outlines methods for providing computational support in this emergency support function by evaluating
the consistency of language in volunteer- and donation-related social media content and developing semi-automated
models for classifying volunteer- and donation-related social media content in new disaster events. It also evaluates
how integrating experts’ insights from emergency response officers could help to identify additional sources of data
to get cheaper sources of labels and augment the initial dataset.

Results show volunteer- and donation-related social media content is sufficiently similar across disaster events
and disaster types to warrant transferring models across disasters. Our study also sheds light on the importance
of strategies for identifying external sources of data to be used for a weak-supervision approach by incorporating
crisis-response domain knowledge into the learning task rather than just using available crisis corpus, especially
when dealing with highly imbalanced data. These sources, if identified correctly, could improve classification
accuracy and accelerate the emergency support in new events without the need for a costly and time-consuming
annotation process. We hope this paper could help to better support emergency response officers in their core
support functions around recovery and coordinating mass for rapid response to new events.
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ABSTRACT

The frequency of wildfires is growing day by day due to vastly climate changes. Forest fires can have a severe impact
on human lives and the environment, which can be minimised if the population has early and accurate warning
mechanisms. To date, social media are able to contribute to early warning with the additional, crowd-sourced
information they can provide to the emergency response workers during a crisis event. Nevertheless, the detection
of real-world fire incidents using social media data, while filtering out the unavoidable noise, remains a challenging
task. In this paper, we present an alert framework for the real-time detection of fire events and we propose a novel
multimodal event detection model, which fuses both probabilistic and graph methodologies and is evaluated on the
largest fires in Spain during 2019.
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INTRODUCTION

Climate change has largely increased the likelihood that fires will start more often and burn more intensely and
widely than they have in the past. In fact, circa 2.5 million acres were burned in the US during the fire season of
2020 and it was considered the most destructive season on record, while more than 200 wildfires affected western
and southern Turkey in 2021, which is more than eight times the average between 2008 and 20201. When huge
swaths of forest burn, it is hard for forests to self-generate and the wildfires can lead to loss of property, crops,
resources, animals and human lives, as well as to the deterioration of the air quality. According to the World Health
Organization2, 6.2 million people were affected by wildfires between 1998-2017 with 2,400 deaths worldwide.
Moreover, a large quantity of carbon dioxide and carbon monoxide were released, which causes a range of health
issues, including respiratory and cardiovascular problems. Forest fires can have a significant impact on mortality
and morbidity depending on their size, their speed, and whether the population has a timely warning to evacuate.

In the last decade social media platforms have been proven to be a valuable sources of information for early
warning tools, considering the rich and prompt information they relay (Merchant et al. 2011; Reuter et al. 2018;
Panagiotopoulos et al. 2016). When major events occur, people usually turn to social media to share what they
have witnessed, document what is happening in real time, and exchange key information. Twitter is one of the
most well-known social media platforms, used by 330 million users around the world, with 6,000 and 200 billion
tweets posted every second and every year respectively3. There are even cases where an event was reported on
Twitter before it was reported on the news network (Pandhare and Shah 2017). Regarding fire emergency situations
that take place in a particular location or area, Twitter’s data can be very useful to civilians and rescue teams for
immediate crisis response. However, the large streams of published posts carry lots of noise, e.g. because of the
metaphorical use of incident-related words, causing possible false alerts.

This paper presents an alert framework that detects events in real time from Twitter for early warning applications
that can assist first responders in decision making. In this particular research, we are focusing on fire events and the
Spanish language, but the framework could easily be adapted to other disasters and languages. The framework
consists of three steps: the acquisition of tweets related to fires, the detection of events and the generation of insights
towards producing an alert. Furthermore, we propose a novel multimodal model that fuses probabilistic and graph
methodologies in order to extract events from the collected tweets. In a nutshell, the contribution of our work is:

• A real-time alert framework using Twitter information for early warning and decision making.

• A novel multimodal event detection methodology that overcomes the limitations of the baseline techniques.

The paper is organised as described below. In the next section, we provide a research on related works, compared to
the proposed. Following, the proposed framework is presented, along with the event detection methodology and
the necessary background for the models that are fused. Next, the evaluation of the event detection model and the
respective results are described, while the last section concludes with future work.

RELATED WORK

Social media have become extremely popular the last years, with millions of unique users and millions of posts every
day. A tremendous amount of information is generated in real time by the constant interaction between the users.
Real-life events and incidents are mentioned in social media every day. Uncovering these events automatically has
attracted the interest of the scientific community and a variety of techniques have been introduced. Event detection
has real-world application, such as crisis management and decision making, as correct decisions can be made by
knowing what is happening, where it is happening and who is involved.

Goswami and Kumar 2016 provide a survey on event detection in online social text stream data, such as newswires,
web forums, blogs, emails and micro-blogs. This survey classifies the event detection based on four event dimensions:
(i) Thematic, (ii) Temporal, (iii) Spatial, and (iv) Network structure. Furthermore, some available tools for event
detection are presented and described.

More recently, Saeed et al. 2019 prepared a survey on event detection techniques on Twitter streams. This survey
also proposed a general Event Detection on Twitter (EDoT) framework that consists of (i) data acquisition, (ii)
feature extraction, (iii) event detection method, and (iv) event representation. In addition, various data collection
techniques, evaluation metrics and benchmark methodologies were summarised and compared.

1https://www.bbc.com/news/58159451
2https://www.who.int/health-topics/
3https://www.internetlivestats.com/twitter-statistics/
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Focusing on a natural disaster, Bruijn et al. 2019 presented an algorithm to detect floods through tweets, along with
the Twitter dataset they used in their experiments. An algorithm based on the SEQAVG burst detection method was
employed to detect a burst on each incoming tweet about the flood. They expanded the algorithm so as to take into
consideration the fluctuations in the number of Twitter users according to the time of day and used a more dynamic
threshold for the detection of bursts.

Additionally, Burel et al. 2017 introduced a semantically enhanced Dual-Convolutional Neural Network deep-
learning model in order to identify events that arise during crisis situations on Twitter. The proposed model is an
extension of an existing word-embedding CNN model with an additional semantic representation layer, created with
named-entities in Twitter together with their semantic concepts.

Suma et al. 2017 used big data and machine learning techniques to analyse Twitter data related to traffic incidents
about London with the aim of detecting the location and time of an event happening in the city. A classification
model was trained by using logistic regression with stochastic gradient descent on tweets that were geolocated by
Google Maps Geocoding API and classified into two categories, i.e., traffic-related and non-traffic related.

In another work, Zhang et al. 2018 employed deep learning in traffic-related Twitter data, but this time to detect
traffic accidents in Northern Virginia and New York City. Two deep learning methods were investigated, i.e., Deep
Belief Network (DBN) and Long Short-Term Memory (LSTM) and were implemented on extracted token features.

Li et al. 2017 introduced a framework to detect real-time events on Twitter. After splitting the tweet term space into
semantic categories (classes), a semantic class-based event clustering algorithm was implemented to group the
tweets talking about the same event into clusters. Also, a temporal information identification module was developed
to filter out clusters that are referring to past events.

In a more recent study, Hasan et al. 2019 proposed another real-time event detection system from the Twitter
data stream called TwitterNews+ Framework. The framework incorporates two modules: (i) a search module that
searches for tweets by specialised inverted indices, and (ii) EventCluster Module, where the tweets are clustered
with an incremental clustering approach to provide a low computational cost solution, to detect both major and
minor newsworthy events in real time from the Twitter data stream.

Furthermore, Aldhaheri and J. Lee 2017 put forward a novel framework for detecting events on large social media.
A Temporal Social Network Graphs Event Detection framework was implemented based on a temporal approach
that transforms social media streams into temporal images and detects structural changes of the social network that
reflects an occurrence of an event, which allows for building a better event detection predictive model.

Weng and B.-S. Lee 2011 introduced EDCoW (Event Detection with Clustering of Wavelet-based Signals) to detect
real life events on Twitter by analyzing the text of the tweets. EDCoW transforms each term to signals by applying
wavelet analysis to reduce space and storage, then the trivial terms are filtered out based on their auto-correlation
signals, and finally the remaining term signals are clustered together with a modularity-based graph partitioning to
group the event-related terms into events.

Shang D et al. 2018 proposed a multi-view clustering model that takes into consideration the topic and time-series
information from tweets. A Latent Disctrict Allocation (LDA) model was applied to the text of the tweets to create
a matrix with the probability of words under a topic. These topic words were selected as keywords to describe the
event. Then, by implementing the Dynamic Time Warping (DTW) algorithm, the similarity of the above-mentioned
keywords was calculated in a matrix. Finally, topical similarity and time-series similarity matrices were applied in a
multi-view clustering model for event detection.

Regarding multimodal learning, the topic-modelling-based approaches for real-time event detection associate each
tweet with a probability distribution over various latent topics to find the hidden semantic structures from a collection
of tweets used to guide the event detection task. These methods rely on sophisticated models to infer latent topics.

Madani et al. 2015 applied a nonparametric Bayesian model, called Hierarchical Dirichlet Processes (HDP) (Teh
et al. 2006), to detect trending topics from the Twitter data stream. For this method, a vector of topics is initially
discovered by applying the generative model of HDP on tweets so that, for each tweet, the distribution of topics is
calculated by exploiting the vector of topics. The topic with the highest probability in the distribution of topics is
considered a trending topic.

Spatio-Temporal Multimodal TwitterLDA (STM-TwitterLDA) (Cai et al. 2015) is a topic-model-based framework
for event detection that extracts text, image, location, timestamp and hashtag-based Twitter features from each tweet
in the Twitter data stream as input and then jointly models the probability distribution of these features to detect
events. Note that these features, apart from plain text, may not always be present in a tweet. STM-TwitterLDA
employs a Support Vector Machine (SVM) classifier to remove noisy images, a latent filter to remove generic images
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Figure 1. Overall architecture of the framework

and words, and Convolutional Neural Networks (CNNs) (Jia et al. 2014) to extract visual features from images to
leverage in event detection. Finally, maximum-weighted bipartite graph-matching is applied in consecutive periods
to track the evolution of the detected events.

In contrast to the above works, the novel event detection methodology that we propose in this paper does not examine
the fluctuation of tweets collected per day or the relevance of the content, nor focuses solely on one characteristic
(e.g. spatiotemporal info, social network, etc.), but fuses two different methods, taking into consideration both the
density of posted tweets and the structure of the users community, which are found to be altered during an incident.
In this way, the detection of events is not exclusively depended on high activity on Twitter, which is not always the
case, especially for forest fires.

THE PROPOSED FRAMEWORK

The overall architecture of our framework is illustrated in Figure 1. First, we collect the tweets that will be used in
order to detect events. To retrieve them we have developed the Twitter Crawler that calls the Twitter Streaming API.
When a tweet matches the predefined search criteria, it is stored in a MongoDB database named “Tweets”. The
Event Detection module, running in a time interval that can be set, reads the tweets that have been stored in the
database and applies the proposed event detection methodology. When the occurrence of an event is identified,
the timestamp and the group of tweets it comprises are inserted in a MongoDB database named “Events”. When
the Event Detection module concludes, the Event Insights module is triggered and for each event the top ten most
mentioned keywords are extracted and stored, in order to provide the user with more details, and a corresponding
alert is generated.

The underlying parts of the framework are described in detail in the following subsections.

Social media data acquisition

In order to collect tweets from Twitter, we use the Hosebird Client4, a Java HTTP client for consuming Twitter’s
standard Streaming API. This API gives access to the real-time stream of public tweets. It allows the specification
of keywords based on which the API will filter the new tweets and return only the subset that matches these criteria.
Since the focus of this particular implementation has been decided to be on fires in Spain, the keywords used
to collect fire-related tweets in Spanish were the following: incendio (fire), llamasdefuego (flames of fire) and
bomberos (firefighters). When a new tweet is retrieved, we check that its text is indeed in Spanish and then we store
it in a MongoDB database.

At this point we should highlight some limitations that are inherent in the acquisition and usage of social media data
for detecting disaster-related events. One limitation is that retrieval is based on fixed search terms. Having very
specific keywords leads to a better monitoring of particular phase of a disaster, but risks matching sufficient tweets.
On the contrary, setting more generic criteria can result to an immense number of matched tweets that refer to many
different aspects of a disaster (e.g. type or phase) and then categorization techniques would be imminent. Since this

4https://github.com/twitter/hbc
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Figure 2. Daily consumption of tweets that are related to fires in Spain during 2019

work does not focus on a particular aspect, but rather on fire events in general, we have preferred more generic
keywords, as mentioned above.

Another limitation is that social media data often lack geoinformation (some platforms provide no geoinformation at
all) or their position is different to the location of the incident mentioned in their text. On the other hand, analyzing
the text in order to locate the event is language-dependent and this can also present some weaknesses. In our case,
for instance, the Spanish language is spoken by millions of people around the world and, as a result, we collect
many tweets that refer to fires, but not in the country of Spain, which is our focus in this work. To filter the tweets
accordingly, we have used a list of place names in Spain5 and kept only the tweets whose text contained at least one
of these names.

To provide the reader with an indication of the size of the collection, for the year of 2019 (which is also the time
frame of the evaluation in the next section) the number of the retrieved tweets concerning fires in Spain was
2,205,946 tweets. Moreover, Figure 2 illustrates the number of tweets collected per day. It is also visible in this
figure that during the summer season, which traditionally is a period of numerous fires, the activity on Twitter
was low, indicating the need for an event detection methodology that does not rely on peaks on the fluctuation of
collected tweets.

Event detection

Background

The proposed event detection methodology considers two modalities: the first one refers to Kernel Density
Estimation (Efron et al. 2014) and the second one to Community Detection (De Meo et al. 2011). To ensure that the
reader is familiarised with the two modalities, some basic information is given here.

Kernel Density Estimation (KDE) aims to detect events, considering not only the number of tweets in a specific
time period, but also the sparsity and the density in the time frame where they were posted. Thus, for each day there
is a specific density score ( 𝑓𝑇 ) based on the number of posted tweets and their publication time. Let (𝑥1, 𝑥2, ..., 𝑥𝑛)
be a sample of tweets timestamps (in hours) in a day, from some distribution with an unknown density 𝑓 . The main
objective is to estimate the unknown probability density function 𝑓 (𝑥). To tackle that, a histogram can be used that
is simple to understand and works reasonably well. However, to reduce the arbitrary placement of the histogram
bins, we centre a box function 𝐾 on each data point 𝑥𝑖 and average those functions to obtain a probability density
function.

5http://download.geonames.org/export/dump/
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This is a simple kernel density estimator:

𝑓 (𝑥) = 1
𝑁

𝑁∑︁
𝑖=1

𝐾 (𝑥 − 𝑥𝑖) (1)

where 𝐾 is a box function and 𝑥 the last timestamp of the day (in hours). Since each function 𝐾 has
∫
𝐾𝑑𝑥 = 1 , we

divide by ℎ to ensure that
∫
𝑓 (𝑥)𝑑𝑥 = 1. Finally, the kernel density estimator is:

𝑓 (𝑥) = 1
𝑁ℎ

𝑁∑︁
𝑖=0

𝐾 ( 𝑥 − 𝑥𝑖
ℎ

) (2)

where 𝐾 is a symmetric, but not necessarily positive function that integrates to 1 and ℎ > 0 is the bandwidth.
Though many kernel 𝐾 functions are viable, we use the common Gaussian distribution, such that:

𝐾 ( 𝑥 − 𝑦
ℎ

) = 𝑁 ( 𝑥 − 𝑦
ℎ

, 0, ℎ) (3)

where 𝑁 is the normal Density. The Gaussian distribution has been chosen for two reasons. First, it gives a ready
plug-in value for the optimal bandwidth ℎ and, secondly, we have discovered through experiments that the choice of
kernels has almost no effect on the performance of our method. On the other hand, the choice of bandwidth is
important and we rely on (Sheather and Jones 1991).

In parallel, the second modality, namely the Community Detection (CD), considers a method that exploits graphs
and is used in machine learning to divide the network of social media users into communities with similar properties,
e.g. discussing the same topic.

The first step is to denote by 𝐺 (𝑁, 𝐿) the social network, with 𝑁 nodes that each represents a Twitter user account
and 𝐿 links, where a link between two users (𝑖, 𝑘) exists if a user 𝑛𝑖 mentions or is mentioned by another user 𝑛𝑘 .
This particular relationship has been preferred over others (e.g. following), because it expresses a more temporary
connection between users, and user communities shift continuously based on trending topics and events.

The bibliography suggests several community detection algorithms, such as Edge Betweenness (Newman and
Girvan 2004), Fast Greedy (Clauset et al. 2004), Label Propagation (Raghavan et al. 2007), Louvain (De Meo et al.
2011), Walktrap (Pons and Latapy 2005), and Infomap (Rosvall et al. 2009; Bohlin et al. 2014). After comparing
the above approaches in terms of different metrics, the Louvain algorithm has been selected as the most fast in large
networks. The outcome of the algorithm is the number of detected communities and the set of nodes that belong to
each community.

Modularity is a metric with regards to the structure of networks and it was designed to measure the strength of the
division of a network into modules, i.e. communities. Networks with high modularity have dense connections
between the nodes within modules, but sparse connections between nodes in different modules. The calculation of
modularity follows:

𝑀𝑆 =
1

2𝑚

𝑐∑︁
𝑖=1

(𝑒𝑖𝑖 − 𝛼2
𝑖 ) (4)

where 𝑚 is the number of edges, 𝑒𝑖 𝑗 is the fraction of links between a node in community 𝑖 and a node in community
𝑗 , and 𝑎𝑖 is the fraction of links between two members of the community.

Methodology

In this section, we describe the event detection methodology, which consists of four parts. First, tweets are obtained
with a query to the database where they are stored for a specific time period 𝑇 ∈ (𝑡1, 𝑡2, ..., 𝑡𝑛). Next, the timestamps
of the tweets are used by the Kernel Density Estimation for the calculation of the Density Score (DS). In parallel,
the Modularity Score (MS) is estimated by the Community Detection. Finally, the two scores are combined by a
fusion method that estimates whether an event is happening in that period. The architecture of the methodology can
also be seen in Figure 3.

Considering a query in interval 𝐼 = (𝑎, 𝑐), where 𝐼 ∩ 𝑇 ≠ ∅, and an event in day 𝑏 ∈ 𝐼, DS is calculated for each
day (𝑎, 𝑏, 𝑐) by comparing the DS of the current to the past date. Particularly, DS for day 𝑏 takes into account the
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Figure 3. Architecture of the proposed event detection methodology

timestamps from day 𝑎 to day 𝑏, since in some occasions the event happens slightly during the change of day, which
means that the gap on 23:59 could be the point where the tweets present the highest density in time. To tackle this,
the timestamps are converted to hours and 𝑥 in Equation (2) concerns the last timestamp, which is probably in day 𝑏.
We consider the maximum density of Equation (2) as the DS feature for each day in 𝐼. Finally, in the time frame 𝐼, a
local maximum in day 𝑏 with 𝐷𝑆 > 0.12 concerns a detected event, with the threshold having been defined as the
best performing for detecting events with the standalone KDE (described in Section Results).

Although KDE is an efficient method for detecting events in social media traffic, the noise of such data can still
lead to false peaks. Thus, we propose an additional feature for calibrating KDE. This calibration corresponds
to the changes in the Twitter user communities during an event in the time period 𝐼, where MS (Equation 4) is
calculated for each day separately and corresponds to four categories. The first one is the negative modularity
(𝑀𝑆 < 0), where no communities are formulated. The second is the sub-optimal partition, in which there are a
few correlations between the communities (0.2 < 𝑀𝑆 < 0.4), which may discuss the same topic (event), but are
structured separately. The third category is the optimal partition, in which there are no correlations between the
communities (𝑀𝑆 > 4). Different communities in our case means different clusters of Twitter users and each cluster
corresponds to a specific topic. The last category is the single community with 𝑀𝑆 = 0. In this case, all user
accounts discuss the same topic, which is not realistic for the large streams of tweets and, hence, user mentions that
we examine. Thus, we have concluded to consider an event when 𝑀𝑆 > 0.2.

In order to combine the aforementioned scores DS and MS, in a time period 𝐼 = (𝑎, 𝑐) where 𝐼 ∩ 𝑇 ≠ ∅, 𝑙𝑢 ∈ 𝐼
is the local maximum, 𝑙𝑖 ∈ 𝐼 is the local minimum, and 𝐷𝑆(𝑡), 𝑀𝑆(𝑡) are the corresponding time series score
functions, the fusion method detects an event according to the following equation:

𝐸𝑣𝑒𝑛𝑡 =

{
𝑇𝑅𝑈𝐸 𝐷𝑆(𝑙𝑢) ∧ 𝑀𝑆(𝑙𝑖)
𝐹𝐴𝐿𝑆𝐸

(5)

where 𝐷𝑆(𝑙𝑢) > 0.12 and 𝑀𝑆(𝑙𝑖) > 0.2.

It should be noted here that the methodology presented above checks for an event in a daily basis, due to the fact that
it is easier in this way to be evaluated (Section Evaluation), since real disasters (ground truth) are usually recorded
by date and not by hour. Nevertheless, the method can be easily adjusted to support hourly detection, which is more
useful to the first responders, who need to be alerted as soon as possible.

Providing insights

After an event is detected by the aforementioned methodology, the outcome is the timestamp of the event and
the group of tweets it comprises. Aiming to assist the user, e.g. the first responder, to understand more about
the potential incident, the next step is to extract some keywords regarding the event. To this end, the text of the
comprised tweets is retrieved, the Spanish stop words6 are removed and the top ten most mentioned words are
calculated. This list can facilitate the end user to comprehend at a glance what the context of an event is, instead of
examining the multitude of the individual tweets.

We should highlight that this part of the framework has been designed in such a manner that it can be easily extended
with further machine learning techniques that could offer more insights, such as georeferencing to estimate the
location of the event or Natural Language Processing (NLP) to autogenerate an alert message.

6https://github.com/Alir3z4/stop-words/blob/master/spanish.txt
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Table 1. Largest fires in Spain in 2019

Description Date

Forest Fire in Canary Islands 2019-05-15
Forest Fire in Andalusia 2019-06-01

Fire in Torre de l’Espanyol 2019-06-26
Wildfire in Community of Madrid 2019-06-28
Forest Fire in Castile and León 2019-06-28
Forest fire in Sierra de Gador 2019-07-13

Fires in Zaragoza 2019-07-23
Forest fire in Segovia 2019-08-04
Forest fire in Artenara 2019-08-10
Forest fire in Cazadores 2019-08-12

Forest fire in Valleseco, Gran Canaria 2019-08-17

Table 2. Evaluation results in terms of accuracy

Method Accuracy F1-score Threshold

STA/LTA 0.7726 0.0235 𝑅 > 1.5
Z-Score 0.8301 0.0606 𝑧 − 𝑠𝑐𝑜𝑟𝑒 > 1
KDE 0.8986 0.1395 𝐷𝑆 > 0.12

KDE+CD 0.9589 0.2857 𝐷𝑆 > 0.12, 𝑀𝑆 > 0.2

EVALUATION

Ground truth

In order to be able to evaluate our proposed event detection methodology, i.e. in terms of accuracy, we require some
ground truth, which in this case refers to a list of known fire events. The focus of the evaluation experiments has
been selected to be the detection of fire incidents that occurred in Spain during the year of 2019. According to
Internal Displacement Monitoring Center7 10,717 fires were reported in Spain during 2019, 3,544 of which burned
more than one hectare. Nevertheless, it was not possible to discover all these fires and we considered 11 of the
largest fires of that year, as reported by the Copernicus Emergency Management Service8, shown in Table 1.

Results

The performance of our methodology is compared to two well-established event detection algorithms, namely
Z-Score (Shiffler 1988) and STA/LTA (Allen 1978). The first one is a statistical metric that indicates how many
standard deviations away a given observation is from the mean, assuming a Gaussian distribution, and takes two
parameters: mean and standard deviation. The latter is a method that comes from the field of Geophysics and
specifically from earthquakes detection. For each point, the R or STA/LTA ratio is calculated, where STA is the
N-s-point short-term average and LTA is the N-L-point long-term average. In contrast to KDE, which is a method
that concerns the temporal density of the posted tweets, both methods consider only the fluctuation of the number of
tweets per day.

The performance regards the ability of each method to detect real fire events in the aforementioned dataset. This
ability is measured with accuracy and F1-score. Since different thresholds can be set for all compared methods,
above which an event is considered, we have selected the thresholds achieving the best performance per method. In
addition to the baselines and the proposed fusion methodology, we also include in the comparison the standalone
KDE with best accuracy (0.8986) with 𝐷𝑆 > 0.12. The results can be seen in Table 2, where KDE+CD clearly
outperforms the other techniques, with an accuracy of 0.9589, which is 23.8% over STA/LTA and of 15.2% over
Z-score. Evidently, CD adds significant value to the fusion method due to its ability to detect additional real events,
as described in the following paragraphs.

Furthermore, we present cross-validation for comparing the performances in a specific time period, i.e. between 3
and 14 August 2019, where three real fire incidents happened on 04/08, 10/08, and 12/08. Figure 4 displays the

7https://www.internal-displacement.org/sites/default/files/inline-files/GRID-2019-Disasters-Figure%
2DAnalysis-DWildfires-Spain.pdf

8https://emergency.copernicus.eu/mapping/list-of-activations-rapid
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Figure 4. Number of collected tweets between 03/08 and 14/08, where red indicates the existence of a real event

number of tweets posted each day and red bars indicate the date of a real event, while Figure 5 shows the scores of
each method per day and the detected/non-detected events.

In detail, red points in Figure 5 correspond to real events, listed also in Table 1, and blue points refer to days without
events. The yellow cross sign means that the event was detected, while the black X sign means that it was not. For
instance, STA/LTA (top left) did not detect the event on 04/08 (red and X) and it falsely detected an event on 14/08
(blue and cross). Additionally, the green line signifies the threshold for each method (mentioned in Table 2) and the
grey arrows refer to the proposed fusion that managed to detect two of the three events in that period. It is evident
that STA/LTA and Z-score show a similar pattern in their scores, as they are affected by the fluctuation of tweets per
day, while CD and KDE differentiate by taking into account the temporal density and the structure of the social
networks, achieving in this way a better performance. It is also worth-mentioning that KDE falsely detected an
event on 07/08 that KDE+CD disregarded due to a lower MS, thus proved that the fusion with CD is valuable to the
detection.

Finally, to showcase the actual outcome of the proposed methodology as well as the contribution of the Event
Insights module, we list in Table 3 all the dates during 2019 where an event has been detected by KDE+CD, along
with the top ten most mentioned keywords per event (also translated in English, when needed). The bold keywords
refer to place names, which can be the basis for identifying the locations of the detected events. As it can be seen in
the third column, we provide the reader with a short description of each incident and a link to a relevant online
article. It is notable that no incident is completely irrelevant, but not all of them refer to forest fires or wildfires and
not all of them concern Spain.

9https://www.thelocal.es/20190126/discovery-of-julens-lifeless-body-brings-tragic-end-to-rescue-mission/
10https://borgenproject.org/electricity-in-venezuela/
11https://www.cooperativa.cl/noticias/pais/policial/incendios/incendio-afecto-al-segundo-piso-del-serviu%

2en-santiago/2019-03-23/090227.html
12https://www.aa.com.tr/en/world/fire-kills-at-least-20-in-peru-passenger-bus/1439361
13https://gfmc.online/media/2019/04-2019/news_20190402_co.html
14https://english.elpais.com/elpais/2019/06/28/inenglish/1561707211_884034.html
15https://www.bbc.com/news/world-europe-49224776
16https://www.eumetsat.int/gran-canaria-wildfires
17https://english.elpais.com/elpais/2019/08/13/inenglish/1565688485_741200.html
18https://www.clarin.com/sociedad/flores-nene-3-anos-murio-incendio-hotel-familiar_0_CNHs_rSC.html
19https://www.telesurenglish.net/news/Breaking-Quito-Militarized-Under-Curfew-20191012-0007.html
20https://crisis24.garda.com/insights-intelligence/intelligence/risk-alerts/amhnn2vhu2a2fwdhp/

spain-clashes-reported-in-barcelona-october-15-as-thousands-protest-jailing-of-separatists
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Table 3. Insights for all events detected by KDE+CD in 2019

Date Top ten most mentioned keywords (with
translation)

Description

2019-01-26 incendio (fire), bomberos (firefighters), forestal
(forest), mineros (miners), julen, vásquez, gracias
(thank you), mujer (woman), santuario (sanctuary),

cuerpo (body)

Spanish miners find body of boy
named Julen trapped in borehole9

2019-03-10 incendio (fire), fuentes (sources), san (saint),
líneas (lines), corpoelec, guri, afectó (affected),
vegetación (vegetation), tarde (late), vinculadas

(linked)

Blackout in Venezouela with
possible cause a fire at the Guri

Dam10

2019-03-23 incendio (fire), conagua, edificio (edifice),
bomberos (firefighters), insurgentes (insurgents),
sur (south), registra (records), cdmx, eje (axis),

controlado (checked)

Fire on the second floor of the
Serviu building in Santiago11

2019-04-01 incendio (fire), bomberos (firefighters), fiori
(flower), muertos (dead), bus, lima, personas
(persons), terminal, forestal (forest), empresa

(business)

Fire kills at least 20 in Peru
passenger bus12

2019-04-03 incendio (fire), bomberos (firefighters), parque
(park), arauco, mall, voluntarios (volunteer),
mascotas (pets), tienda (store), evacuados

(evacuees), santiago

Forest fire in the Los Katíos
National Natural Park13

2019-07-01 incendio (fire), tarragona, sándwich, lonchas
(slices), ume, chorizo, comida (meal), militares

(military), bombeross (firefighters), menú

Large wildfire that began in
Tarragona province14

2019-08-04 incendio (fire), bomberos (firefighters), millones
(millions), hectáreas (hectares), granja (farm),
forestal (forest), siberia, febrero (february),

toneladas (tons), día (day)

Wildfires in Siberia15

2019-08-10 incendio (fire), bomberos (firefighters), artenara,
forestal (forest), canaria, medios (media),
declarado (declared), grancanaria, cumbre

(summit), zona (zone)

Gran Canaria wildfires16

2019-08-13 incendio (fire), bomberos (firefighters), canaria,
forestal (forest), estabilizado (stabilized), canarias,

ifartenara, ifcazadores, ifgrancanaria, brif
(briff)

Stabilisation of Gran Canaria’s fire17

2019-09-27 incendio (fire), bomberos (firefighters), cumbre
(summit), flores (flowers), hotel, fuego (fire), años

(years), hospital, forestal (forest), familias
(families)

3-year-old boy died during a fire in
a family hotel in Flores18

2019-10-12 incendio (fire), bomberos (firefighters), contraloría
(comptroller), quito, general, personas (persons),

edificio (edifice), registra (records), video,
teleamazonas

Fire in a van of Teleamazonas
television during protests in

Equador19

2019-10-15 bomberos (firefighters), incendio (fire), nacional
(national), disparando (shooting up), nivel (level),
alto (high), policia (police), llegado (arrived),

locura (craziness), barcelona

Fires during protest in Barcelona20
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Figure 5. Scores and detection performance of each methodology between 03/08 and 14/08 (grey arrows refer to the
fusion of KDE and CD)

CONCLUSION AND FUTURE WORK

In this paper we have presented a real-time alert framework for detecting fire events in Spain from Twitter, which
can support first responders in disaster management and decision making. The framework also involves a novel
multimodal event detection methodology that fuses two modalities. The first modality refers to Kernel Density
Estimation that considers temporal sparsity of tweets and the second to Community Detection, a graph-based
algorithm for grouping Twitter users in communities, which can then be measured with the Modularity Score. In
the evaluation stage, the above method has been compared with traditional probabilistic and outlier algorithms for
event detection, on a dataset of Spanish, fire-related tweets posted in 2019. The results have shown to superiority of
the proposed KDE+CD, with an accuracy of 0.9589.

The experiments have also exposed a limitation of our framework. Examining the insights of the detected events, it
is obvious that our attempt to narrow the tweets to the ones referring to Spain with a simple text matching is not
enough and it reveals the need for a georeferencing technique that will add geoinformation to the posts in a more
sophisticated manner. Furthermore, NLP methods could be exploited for the analysis of the detected events, so as to
autogenerate alert messages that will describe the incidents in a more natural way, instead of merely listing the top
keywords. Finally, future work could involve the evaluation of the proposed method for one-hour time frames (in
addition to one-day) and the extension of the technique in order to include other modalities as well.
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ABSTRACT

Social media plays a vital role as a communication source during large-scale disasters. The unstructured and
informal nature of such short individual posts makes it difficult to extract useful information, often due to a lack
of additional context. The potential of social media threads – sequences of posts – has not been explored as a
source of adding context and more information to the initiating post. In this research, we explored Twitter threads as
an information source and developed an information extraction model capable of extracting relevant information
from threads posted during disasters. We used a crowdsourcing platform to determine whether a thread adds more
information to the initial tweet and defined disaster-related information present in these threads into six themes
– event reporting, location, time, intensity, casualty and damage reports, and help calls. For these themes, we
created the respective thematic lexicons from WordNet. Moreover, we developed and compared four information
extraction models trained on GloVe, word2vec, bag-of-words, and thematic bag-of-words to extract and summarize
the most critical information from the threads. Our results reveal that 70 percent of all threads add information to the
initiating post for various disaster-related themes. Furthermore, the thematic bag-of-words information extraction
model outperforms the other algorithms and models for preserving the highest number of disaster-related themes.

Keywords

Social media threads, Text summarization, Disasters, Lexicons, Information extraction models, Word embeddings

INTRODUCTION

Social media, particularly Twitter, has become a prevalent source of information for disaster management
(Pourebrahim et al. 2019), (Hiltz et al. 2020). The current research extracting information about ongoing events
from social media focuses on extracting relevant information at the level of individual tweets (Spence et al. 2015);
(Zahra, F. O. Ostermann, et al. 2017) – that is, each tweet is treated as a small independent packet of information,
and classified as relevant or not in isolation. However, the content of individual tweets often lacks proper context
(Ritter et al. 2011) – for example, consider the following tweet:

• I felt it.

This tweet is a reply to another tweet and, without additional information, it is impossible to interpret. Now consider
the first tweet to which this is a reply:

• Just felt an earthquake in San Jose...Bed started shaking and door kept rattling. Anyone else?
∗Corresponding author
†
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• I felt it

The first tweet provides essential context to the second, such that it becomes a meaningful piece of information in
itself, both telling us that a second person experienced the same earthquake as the first and adding credibility to the
information shared in the first tweet. This paper relies on this observation, analyzing tweets not individually but
as part of a dialogue. We assume that if we can identify initial tweets relevant to a disaster, initiating a dialogue
between Twitter users (a so-called thread, e.g., Figure 1), then subsequent tweets can be analyzed and classified as
to whether they provide additional, helpful information for analysts.

Figure 1. An example of a Twitter thread where an initial tweet explicitly describes an event and three responses, all
confirm having experienced the same event, in one case also in a specific location of LA (the west side)

Disaster response organizations seek a range of information during different phases of the disaster management
cycle. For example, practitioners working in a health department are keen to identify casualty and medically related
help calls (Aung and Whittaker 2013). By contrast, policymakers and resource allocators may be interested to
know the extent of damage caused by the disaster to decide resource allocation (Kwok et al. 2016). Therefore, it is
essential to know what types of information are shared in Twitter threads during disasters. Imran, Elbassuoni, et al.
2013 developed a disaster-related message ontology based on tweets posted during a disaster. Their informative
message classes include caution and advice, casualties and damage, donations, missing and found reports, and links
(i.e., URLs) to further information sources. In our research, we focus on extracting different types of information
from tweet content rather than exploring external links such as donation calls and URLs. To do this, we develop
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a new classification scheme that covers possible information themes shared in Twitter threads during a disaster.
Ray Chowdhury et al. 2019 analyzed disaster-related tweet content and noted that tweets posted during disasters
have a limited and specific vocabulary compared to tweets discussing general topics. Therefore, we also created a
set of thematic lexicons to assist in the categorization of disaster themes.

As a disaster unfolds, a crucial task is the collection of relevant information in a timely way. Twitter produces
high volumes of data at a high velocity (Sankaranarayanan et al. 2009) such that it is impossible to manually read,
analyse, and extract all the information provided in Twitter threads in real-time. To overcome this challenge, we
used extractive text summarization to extract and summarise important information from Twitter threads (Jain et al.
2017). We developed an information extraction model that used thematic lexicons to build text summaries based on
all of the tweets found in a thread. We also compared our lexicon-based model with other models based on the
GloVe and word2vec algorithms. As a baseline model, we used a simple bag-of-words (BoW) model to quantify
improvements in performance through the three approaches with which we experimented.

The main objectives of this research are to:

• Develop a disaster-related thematic taxonomy capable of classifying important types of information (such as
event reports, time, intensity etc.) shared on social media posts during disasters.

• Analyse if a thread adds more information to what is shared in the initiating post using crowdsourcing
approach.

• Create thematic lexicons for disaster-related themes.

• Develop an automated information extraction model capable of extracting disaster related information in the
form of a summary from social media threads.

BACKGROUND

Analysing different aspects of Twitter data, especially as a source of information during various disasters (Kankanamge
et al. 2020); (Kaigo 2012) continues to be an important focus of research. However, if classification is at the level of
individual tweets, then a large number of potentially relevant tweets carrying useful information will be discarded
due to lack of context. One approach to adding context to a tweet, taken by Nazer et al. 2016, is to use metadata (e.g.
retweets, number of friends and followers) and content (e.g. topic, request specific keywords) as features. Their
work focuses on a particular task – emergency dispatch, intending to identify calls for help. Anderson et al. 2019
developed an infrastructure using Twitter conversations to add context and location to analyse the useful content.

Other authors have explored more generally the different types of informational content found in tweets during
disasters. In early work, F. Ostermann and Spinsanti 2012 generated a list of relevant keywords based around
discussions with domain experts on forest fires. Hodas et al. 2015 showed that tweet content posted during disasters
focused on announcing the emergency, giving and requesting advice, damage reports, anxiety, etc. They also
developed a list of the most and least informative keywords for different types of disasters. Ashktorab et al. 2014
analysed the content and identified a range of categories including missing persons, electricity loss, hospital and
health infrastructure, death/casualties, etc. They then implemented a classifier using machine-learning algorithms
trained on manually annotated data. Similarly, Alam et al. 2018 classified tweets posted during various disasters
into a range of categories including cautions, advice, warnings, injured, dead, rescue, volunteering, etc. Huang and
Xiao 2015 also analysed the content of tweets posted during hurricanes but categorized them according to various
disaster management phases. These included preparedness, plan, evacuation, tips, event tracking, food, casualty,
damage, utilities, etc. They also identified a static list of keywords associated with each category to aid classifying
of individual tweets specific to Hurricane Sandy incident. However, none of the work categorizes disaster-related
information themes solely based on the content and independent of a specific regional disaster event.

Olteanu et al. 2014 used a lexicon-based approach to automatically identify and filter relevant messages particular to a
crisis event. Their methods dynamically update the terms in lexicons based on specific crisis event. Chowdhury et al.
2020 also developed disaster lexicons from tweets posted during 37 disasters. Their lexicons contain informative
terms posted during every disaster that includes event-specific information such as locations, disaster names, names
of important persons, organizations, etc.

Twitter data is often too voluminous for manual summary and interpretation even after filtering and classifying.
Text summarization is an effective way of reducing the size of a document and preserving key information at the
same time. There are two main approaches to generating text summaries using different algorithms: abstractive text
summarization (Moawad and Aref 2012) and extractive text summarization (Ledeneva et al. 2008). The abstractive
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text summarization is “the task of generating a short and concise summary that captures the salient ideas of the
source text” (Liu et al. 2018). This means that the resultant summary may contain new phrases and sentences that
are not part of the original text but are suggested by the algorithm to effectively communicate the information. Nafi
et al. 2020 used abstractive text summarization technique to summarise disaster-related documents. In contrast, the
extractive text summaries “produce a set of most significant sentences from a document, exactly as they appear”
(Ferreira et al. 2013). Thus, extractive summaries contain only sentences that appear in the source text. Nichols
et al. 2012 used extractive text summarization to extract important information posted in Twitter statuses during
sports events. They also concatenated various text summaries to generate an event summary. Since our approach is
based on identifying disaster-related information from various tweets, we employ extractive text summarization to
generate summaries. Moreover, extractive text summarization techniques are considered simpler and state of the art
techniques for text summarization (Jadhav and Rajan 2018);(Wu and Hu 2018).

METHODS

Our workflow contained four main elements, as illustrated in Figure 2:

1. Creating a corpus of 200 Twitter threads referring to earthquakes.

2. Thematic classification of the disaster-related content and crowdsourcing relevance judgements as to whether
Twitter threads as whole contained additional information.

3. Development of thematic lexicons based on positively annotated thread content.

4. Comparison of four information extraction models to build extractive summaries of Twitter threads.

Figure 2. Overall workflow of the methods

Building a corpus of Twitter threads

The first stage of an experiment using text is to build a corpus. Twitter offers free access to its public tweets via
streaming API in real-time. This API can collect individual tweets based on terms i.e. disaster-related keywords or
hashtags such as earthquake, or flood; or location-based queries i.e. a bounding-box of coordinates. However, the
API does not support downloading of threads that reply to an initial tweet. One possible solution to this problem
could be scraping the Twitter web pages, however, this would violate Twitter’s terms of service1. Therefore, for the
experimental study to collect threads, we manually searched Twitter2 for tweets posted during an earthquake.

1https://twitter.com/en/tos
2https://twitter.com
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As eyewitness reports and personal observations are considered a credible source of information (Truelove et al.
2014), our search strings were also comprised of eyewitness features and disaster-related keywords as described in
(Zahra, Imran, et al. 2020) such as I felt an earthquake or I just felt an earthquake to search for relevant threads.
These strings result in a list of matching tweets. We manually analysed each tweet for the following criteria: (i)
tweet text must be about an earthquake event, (ii) tweet must have at least one reply to form a thread.

We collected the URLs of the first 200 tweets we found meeting the criteria, i.e. the initiating tweets of 200
earthquake-related Twitter threads. Later, two annotators extracted user name, time of the tweet, and tweet content
from all tweets in the 200 threads manually. Although our dataset contains very limited amount of threads to testify
our claim about the threads adding more information to the initiating tweet. However, it establishes the ground
for more research where automated workflow can be developed to download Twitter threads by linking in reply to
status ids in tweet json file.

We assigned a unique conversation and a tweet identifier for every record. To keep the data collection task relatively
uncomplicated, we did not analyse nested threads i.e. a thread inside threads. For longer threads, we apply a
threshold value of 10 tweets to keep it comprehensible for human annotators. This means that we collected a
maximum of 10 tweets in chronological order in threads with more than ten tweets. Table 1 summarises the
properties of the 200 threads annotated.

Table 1. Summary values for the 200 threads annotated

Per thread Average Median Total (for 200
threads)

Number of tweets 6.9 7 1380
Number of unique users 6.4 7 1288
Length of thread (characters) 409.2 402.5 81837
Length of thread (tokens) 70.6 67 14124

Thematic classification and crowdsourced tweet thread annotation

Extracting information from thread content related to disasters and relevant to emergency response requires that we
define the nature of relevant information. We used six disaster-related themes after conducting relevant literature
research (Imran, Castillo, et al. 2014); (Tapia et al. 2011); (Ashktorab et al. 2014) and discussion with an emergency
management specialist at National Institutes of Health, USA. It is important to note that we aim to extract information
only from tweet text – we ignore URLs and links to further information. The themes we defined are event reporting,
location, time (relative and absolute), intensity, casualty and damage reports, and help calls. Table 2 shows the
themes, their definitions, and examples of relevant tweet content.

Then we used a crowdsourcing platform Figure Eight 3 (now appen4) to assess:

• Which of these themes are present in the initiating tweet.

• Whether the thread adds additional information to the initiating tweet.

• Which themes are present in the thread as a whole.

We asked crowdworkers to read the first tweet and choose which if any of the six disaster-related themes were
present in the tweet. Then we presented the crowdworkers with the whole thread and asked whether it added more
information to the first tweet. In the case of a positive response, the crowdworker had to choose again which themes
were present in the thread. In case of a negative response, crowdworkers were redirected to the next thread. The
Figure Eight platform provides quality control features in annotation tasks including the number of annotators
assigned to a task, the minimum time spent per judgement, and the percentage of correct answers that Figure Eight
provides to train the crowdworkers. Furthermore, crowdworkers can be assigned specific training, selected from
specific groups and paid different amounts for a task. In our case we:

• Employed only “level two” crowdworkers, a smaller group of more experienced and higher accuracy
contributors.

3In May 2019
4https://appen.com/
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Table 2. Thematic classification with definitions and examples of relevant content (the example tweet is a fictitious
example)

No. Theme Definition Example
1. Event reporting Report about the event I just felt an earthquake in Cali-

fornia at 12:00. . . shook the whole
building. I need help. . . .one build-
ing collapsed.

2. Location The location where
the event occurs

I just felt an earthquake inCalifornia
at 12:00. . . shook the whole build-
ing. I need help. . . .one building col-
lapsed.

3. Time (absolute,
relative)

The time when the
event happened

I just felt an earthquake in California
at 12:00. . . shook the whole build-
ing. I need help. . . .one building col-
lapsed.

4. Intensity The intensity of the
event

I just felt an earthquake in California
at 12:00. . . shook the whole build-
ing. I need help. . . .one building col-
lapsed.

5. Casualty and dam-
age reports

Includes reports
where people are
reporting about ca-
sualties and damage
caused by the event

I just felt an earthquake in California
at 12:00. . . shook the whole build-
ing. I need help. . . .one building
collapsed.

6. Help calls It includes reports
where people are ask-
ing for help

I just felt an earthquake in California
at 12:00. . . shook the whole build-
ing. I need help. . . .one building
collapsed.

• Paid workers 25 cents per judgement.

• Used eight questions to train the crowdworkers.

• Required a minimum accuracy of at 50 percent for training questions.

• Allocated a minimum time of 50 seconds to spend on reading and understanding each thread.

• Collected three judgements per row to achieve sufficient inter-rater agreement.

The crowdsourcing platform provides inter-rater agreement of crowdworkers for each judgement in the form of
confidence score. The average confidence score for all the threads was 0.89 out of 1. That means in most of the
cases all three crowdworkers agreed on the same response. The detailed confidence score with each judgement is
available on GitHub5.

Creating thematic lexicons

In the next step, we developed thematic lexicons for five of the six themes (event reporting, time (relative), intensity,
casualty and damage reports, and help calls) using a two-step process. Figure 3 shows the overall workflow of
developing thematic lexicons.

1. Preparation: We identified seed words in the threads that were annotated by crowdworkers as containing
disaster-related themes for four themes: event reporting, time (relative), casualty and damage reports, and help
calls. We combined the terms found in our dataset with other terms usually used to describe the phenomenon.
For the intensity theme, we used the Modified Mercalli intensity scale (Wood and Neumann 1931) to identify
seed words in addition to the terms found in threads. All the seed words have also been uploaded on GitHub.

5https://github.com/rddspatial/text-summarization
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Figure 3. Overall workflow of developing thematic lexicons.

2. Development: We used WordNet (Fellbaum 2012), a lexical database of semantically related words to search
for definitions of seed words. Two authors read the definitions and agreed on relevant ones. Based on the
selected definitions, set of synonyms (synsets) were retrieved from WordNet and were used to populate the
lexicons.

For themes location and time (absolute), we did not prepare lexicons. To identify these themes in our corpus,
we used geoparsing and temporal parsing. To do so, we used a pre-trained neural network-based NER6 model
implemented in Spacy7. This model extracts named entities from unstructured text in the form of personal names,
temporal expressions, and location mentions (Nadeau and Sekine 2007).

Information extraction model and text summarization

In the final step, to extract disaster-related information from Twitter threads, we developed four information
extraction models using extractive text summarization. The first two models are based on the commonly used
word embedding algorithms, e.g., GloVe (Pennington et al. 2014) and a variant of word2vec (Mikolov et al. 2013);
(Imran, Mitra, et al. 2016) to generate word embeddings and determine the context of each word based on semantic
similarities. The third model uses a standard BoW approach, which is based on term frequencies and serves as a
baseline model in this work. The fourth model is also based on the notion of the BoW model but takes into account
the presence of disaster-related terms from the lexicons, and is called the TBoW8 model.

We performed the following pre-processing steps to prepare our thread corpus for text summary generation using
our information extraction models:

• Segmentation of each tweet into individual sentences.

• Removal of special symbols from sentences and then concatenate them to form a corpus.

• Sentence tokenization and stop word removal using stop words lexicons retrieved from the NLTK library in
Python (Loper and Bird 2002).

To develop the model trained on GloVe, we used embeddings based on a corpus of six billion words containing
Wikipedia 2014 articles and the Gigaword 5 dataset. For the model trained on word2vec, we used word embeddings
published on CrisisNLP9. These embeddings are trained on 52 million tweets posted during various disasters (Imran,
Mitra, et al. 2016). After creating the word embeddings, we generated a cosine similarity matrix to create a graph
for each thread, where a node in the graph represents a sentence and the edge between two nodes represents the
similarity value. Following that, we used TextRank (a variant of PageRank) algorithm (Mihalcea and Tarau 2004)
applied to the cosine similarity graph to rank the sentences in a given thread. To develop our baseline BoW model,
we computed the term frequency of each token in our text corpus. Then the term frequencies of all tokens present in
a sentence are combined to assign an aggregate score which is used to rank the sentences in a given thread.

6Named Entity Recognition
7https://spacy.io/
8thematic bag-of-words
9https://crisisnlp.qcri.org/
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For the TBoW model, we performed an additional preprocessing step on our text corpus called lemmatization
to find normalized forms of words (Plisson et al. 2004). To create the model, we retrieved thematic tokens from
each sentence by looking up a given token against five thematic lexicons developed in previous section (i.e., event
reporting, time (relative), intensity, casualty and damage reports, and help calls). We used a pre-trained NER model
to leverage a shallow neural network to retrieve spatial and temporal (absolute) thematic tokens. To boost the
performance of the NER, particularly for retrieving the location entities, we also used several spatial rules such as
location names being proper nouns or common nouns appearing after spatial prepositions, e.g., at, near, or to (Das
and Purves 2019). We also extracted location entities with vernacular geographical aspects, which a pre-trained
model usually detects. Furthermore, we iteratively assigned weights to the disaster-related terms related to six
themes. Thus, the TBoW model is essentially a modification of the BoW model where we assign more weight to
the thematic terms in an adaptive manner.
For every token in a sentence, we assigned its term frequency as its respective weight. If the token is also thematic
(related to the six themes), then the weight is given by relative thematic magnitude. Here we assume that spatial and
temporal aspects and help calls are more critical for disaster responders during a disaster. Therefore, we assigned a
higher weight value of 10 to terms in the three thematic lexica of location, time (absolute, relative), and help calls,
compared to the other three themes of event reporting, intensity, and casualty and damage reports to which we
assigned a weight value of five.
Non-thematic tokens receive a weight value of one, assuming they are not critical information during a disaster. In
many cases, a thematic token can appear more than once in a thread, which may indicate a repetitive or higher
emphasis on the given aspect. In this case, we consider all the tokens (even repetitive ones) and assign respective
weights. Each weight is then normalized using the maximum weight in a given sentence. Following this, we
combined all thematic entities in a sentence and computed an aggregate score for the given sentence. Since the
TBoW is based on frequencies, sentences with more thematic tokens in a given thread receive a higher score.
To generate text summaries from all four models, we selected the 30 percent of highest scoring sentences from each
thread according to the respective models. As we select full sentences to generate the summary, to round off the
value of 30 percent, we took a final value which is the smallest integer value that is bigger than or equal to 30. Table
3 summarizes the feature types and different aspects of all four information extraction models. Whereas, Figure 4
shows the process of TBoW information extraction model for a single thread.

Table 3. Feature types and different aspects of summarization models

Feature types and
other aspects

GloVe Word2vec Bag of Words (BoW) Thematic Bag of
Words (TBoW)

Features Word embedding Word embed-
ding

Term frequency of all
non-stop word tokens

Relative weights as-
signed to the thematic
tokens

Dimension of word
vector

100 300 1 1

Model to generate
word vector

Co-occurrence
matrix

Feed-forward
neural network
(skip-gram)

Rule-based Rule-based

Data set used for train-
ing word embedding
model

A corpus size of
6B tokens from
Wikipedia 2014
and Gigaword 5

A corpus size
of 52M tweet
messages

No training No training

Sentence scoring and
ranking

TextRank algo-
rithm

TextRank algo-
rithm

Sentences are scored
based on aggregate
weights of all tokens
and ranked in descend-
ing order

Sentences are scored
based on adaptive ag-
gregate weights of the
tokens and ranked in
descending order

RESULTS

Crowdsourced assessment of thread information potential

Our results reveal that 70.5 percent of threads add information to that already contained in the initial tweet.
Furthermore, we compared the number of themes present in the initial tweet with the number of themes present in
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Figure 4. Overall workflow of TBoW information extraction model for a single thread

the whole thread (Figure 5). The themes of event reporting, location, and time are mentioned more often in the
initial tweet than the rest of the thread. By contrast, the intensity theme was mentioned more often in the remainder
of threads than the initial tweet. For the themes of casualty and damage reports, and help calls, overall very few
instances are present in our data: only one casualty and damage report is found in the threads, and two help calls are
found in the first tweet as well as in the rest of the thread. One possible explanation for these low numbers is that
none of the earthquake events in our dataset caused mass destruction or casualties. Therefore, we observe relatively
high numbers of mentions or event reports, location, time, and intensity, but few others.

Thematic lexicons

Table 4 summarises the characteristics of the thematic lexicons. For the event reporting theme, we chose four seed
words generally describing an earthquake event. These seed words retrieved 61 initial synset definitions out of
which 21 definitions were selected to retrieve further 61 synsets. Therefore, the total number of words in the event
reporting theme lexicon is 65. For time (relative) theme, we choose 11 seed words that retrieved 20 initial synset
definitions. Only seven synset definitions were found relevant and therefore, selected to retrieve further 18 synsets.
The time (relative) theme lexicon thus consists of 29 words in total.

For intensity, we used 56 seed words to describe the various levels of intensity of an earthquake event, for which
371 initial synset definitions were retrieved. Of these, we selected 105 relevant synset definitions that retrieved 393
synsets leading to the 449 words for the intensity theme lexicon. Similarly, for casualty and damage reports theme,
nine seed words were selected that retrieved 227 initial synset definitions. We chose 80 relevant synset definitions
that retrieved 225 synsets. Therefore, the total number of words in casualty and damage reports lexicon is 234.
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Figure 5. Comparison of the number of themes found in the first tweet and the thread

Finally, for help call themes, four seed words were selected that retrieved 81 initial synset definitions. We selected
only 21 relevant synset definitions and retrieved 101 synsets with 105 total number of words in help calls theme.

Table 4. Characteristics of thematic lexicons

Theme Seed words Initial synset
definitions

Selected
synset defini-
tions

Retrieved
synsets

Total number
of terms in
the lexicon

Event reporting 4 61 21 61 65
Time (relative) 11 20 7 18 29
Intensity 56 371 105 393 449
Casualty and dam-
age reports

9 227 80 225 234

Help calls 4 81 21 101 105

Figure 6 shows the word cloud of all thematic lexicons with the words found in our threads dataset10. For event
reporting theme (figure 6a), felt is the most frequently used word with 427 occurrences followed by earthquake with
377 occurrences.

For time (relative) theme (figure 6b) just is the most frequently used term with 264 occurrences. This result supports
previous work (Zahra, Imran, et al. 2020) where we suggested that the presence of term just is a strong indication of
a personal observation of an earthquake event. Moreover, compared to other natural disasters, for earthquakes social
media users tend to report their observations immediately, therefore, use of such temporal markers is common.

For the intensity theme (figure 6c), good is the most frequently used term with 38 occurrences followed by various
instances of some obvious terms such as big, strong, small, etc. By exploring individual tweets we found that users
frequently use expressions such as “felt a good jolt” to report an earthquake event.

For the relatively rare casualty and damage theme (figure 6d), irrelevant terms such as last (17 times) and go (15
times) were the most frequent (due to their high frequency in language). However, we also found the terms such as
damage (11 times), dead (5 times), and fall (3 times) in our dataset.

For terms related to help calls (figure 6e), words like stay (39 times), get (26 times), and take (23 times) occurred
most frequently followed by some obvious terms such as need (5 times), and help (4 times). Although an actual

10The complete lexicons developed in this research are available onGitHub at: https://github.com/rddspatial/text-summarization
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help calls occurred only once (figure 5) the word help occurred a few more times in other contexts, for example,
“Stay safe and keep in touch. Let us know if you need help with anything.”.

Figure 6. Lexicon words that occur in Twitter threads – the size of the word corresponds to the number of times it
occurred in the data

Evaluation of the extracted text summaries

To evaluate which model performs best in preserving maximum information in the thread summary, we selected 50
random threads to compare summaries generated by the four approaches we took. We evaluated the summaries on
the presence of disaster-related words from the lexicons. Our analysis is based on context and semantics, i.e. the
simple presence of a term is not sufficient. Whereas, the meaningful presence of a word belonging to one of the six
themes increases that model’s evaluation score by 1. Two authors of the paper performed this evaluation to measure
inter-rater agreement. Both the annotators fully agreed on the evaluation score. We then ranked the summaries
according to descending scores, i.e. the highest (best performing) model would achieve rank 1, and the model that
performs worst (with the lowest score) ranks 4. Our results reveal that the TBoW model has the highest average
rank of 1.6 followed by word2vec model with an average rank of 1.7. The GloVe model has an average rank of 2.2,
and the baseline BoW model has the lowest average rank of 2.6.

Figure 7 shows the frequency of the themes present in all summaries. The comparison between the models shows
that the TBoW model extracts the highest number of event reporting, location, intensity, and casualty and damage
reports themes. For the time theme, word2vec model outperforms the rest.
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Table 5 shows an example of the text summaries generated by each of the four information extraction models for
one thread. The initial tweet of the thread is Just felt an Earthquake here in SantaMonica. In this particular case,
the BoW summary achieves the score of five with two instances of event reporting (e.g. one positive and one
negative report), two locations (e.g. Santa Monica and Simi), and one relative timestamp (e.g. just). The GloVe
summary preserves more information with a total score of six where three instances are found for event reporting
(e.g. two negatives and one positive reports) and three are locations (e.g. Santa Monica, Simi, Hollywood). The
word2vec-trained model preserves the lowest amount of information with a score of four where two instances are
event reports (e.g. two negative reports) and two are locations (e.g. Simi, Santa Monica). Finally, the TBoW
summary that preserves the highest number of thematic instances with a total score of nine with four instances of
event reports (e.g. two positives and two negative reports), four locations (e.g. Santa Monica 2x, Simi, Hollywood ),
and one relative timestamp (e.g. just). The complete set of results generated in the form of text summaries for each
model are available online11.

Figure 7. Total number of themes present in all information extraction models

CONCLUDING DISCUSSION

Our aim in this research was to explore the potential of social media threads as a source of adding context and
additional information to individual posts shared during disaster events. We tested our hypothesis using Twitter
threads. We used crowdsourced micro-tasking to determine whether a thread adds information to the content shared
in the initial post. For this purpose, we defined information shared during disasters into six disaster-related themes.
After collecting crowdworkers judgements, we extracted seed terms for thematic lexicons from threads positively
annotated for the presence of disaster-related themes. The seed words coupled with WordNet synsets were then
used to populate thematic lexicons. In the final step, the thematic lexicons were used to extract and summarize
disaster-related information from Twitter threads and results were compared with other word embedding and BoW
models.

Our first research question explores the content of Twitter threads for two types of information. First, we want to
assess whether a thread contains additional information to the content shared in the first tweet, and second, what
type of information is present in the threads. To achieve this objective, we define the term information into various
disaster-related themes. The crowdworkers annotate a thread positive if any of the themes are present in the thread.
The results are compared in Figure 5. We observed that the theme ‘event reporting’ was most frequently present in
the threads. From a disaster responder’s perspective, this might not be an actionable piece of information, however,

11https://github.com/rddspatial/text-summarization
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Table 5. Example of an extractive text summary

Model Summary Total
score

BoW Just felt an Earthquake here in SantaMonica. Didn’t feel a thing in Simi - not that
far away. That sounded far less corny in my head. It’s just the earth celebrating the
new year a few days late.

5

GloVe Didn’t feel a thing in Santa Monica. Didn’t feel a thing in Simi - not that far away.
But, i don’t have wine. You’re in California ... you have lots of earthquakes. I felt it
in hollywood. Going to find flashlights and shoes just in case... Hope all is well.

6

Word2Vec Didn’t feel a thing in Simi - not that far away. That sounded far less corny in my
head. It’s just the earth celebrating the new year a few days late. Hope all is well.
Please keep us updated. i got nothin. didn’t feel a thing in Santa Monica.

4

TBoW Just felt an Earthquake here in SantaMonica. Didn’t feel a thing in Simi - not that far
away..no kidding! i got nothin..I felt it in hollywood..It’s just the earth celebrating
the new year a few days late. That sounded far less corny in my head..You’re in
California ... you have lots of earthquakes..didn’t feel a thing in Santa Monica.

9

from an information processing perspective, the confirmation of an event in a thread adds credibility to the shared
information in a tweet that can be an important source of assessing the credibility of shared information during
disasters. That is why, while evaluating the summaries, we counted positive as well as negative event reports every
time they appear in the summary.

The second most frequently occurring theme, location, is a critical piece of information for disaster responders as
knowing the precise location of a disaster event or a help call is crucial to emergency response. When we further
analysed the location theme, we observed that in many cases users not only share precise geographic locations but
also various locations depending on the extent of the event in the thread. For example, the following is the snippet
from a thread showing how users share geographic locations during a disaster:

• Tweeter 1: Up feeding the baby and just felt an earthquake. In East Tennessee?!

• Tweeter 2: I just felt it in ATL

• Tweeter 3: Felt it here too! Glad to know I’m not crazy!

• Tweeter 4: In Knoxville and felt it!

• Tweeter 5: I thought I must’ve been dreaming, but something woke me up, and I thought it was the whole
house shaking.

• Tweeter 6: Just felt here in S. Riane County

• Tweeter 7: Yup me too in Oak Ridge

• Tweeter 8: Looked it up too see if i was crazy, im glad im not alone.

• Tweeter 9: Felt it in Georgia too

• Tweeter 10: Yes!! I felt it shake. It woke me up! Just outside Knoxville!

This example shows that threads can potentially be a rich source of location information which would be otherwise
very difficult to extract from single posts especially when Twitter has removed its conventional geotagging feature12
since 2019 that further limits the possibility of collecting precise location from individual posts. However, we did

12https://twitter.com/TwitterSupport/status/1141039841993355264
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not further explore and report location theme in this research as toponym matching using a gazetteer is another
research strand that is out of the scope of this study.

The third and the fourth most frequently occurring themes were intensity and time respectively. In the event of an
earthquake, people usually describe its strength with commonly used terms such as "the whole building is shaking”
or “heard the bang". For the time theme, relative timestamps such as "just" and "now" were more frequently used
compared to absolute time stamps. In case of a different disaster type, intensity lexicon might not fully capture the
information because of different terms used to describe the phenomenon.

For the final set of themes i.e. casualty and damage reports and help calls, almost no instances were found. This
phenomenon can be explained in two ways: first, the events reported in the threads were mild and did not cause any
damage and casualties. As a result, there were no help calls. Second, people did not use this platform to report
such events. However, the results reported in (Mihunov et al. 2020) state that 75 percent of the respondents in their
survey stated that they find social media – Twitter easier to use for disseminating help calls than traditional sources.

The second research question explores the potential of using thematic lexicons to extract information from Twitter
threads. Social media threads contain more text than single posts, and some are of considerable length. Therefore,
it is important to extract only relevant information from the threads. To achieve this objective, we developed four
information extraction models using an extractive text summarization technique. Two models were trained on word
embeddings i.e. GloVe and word2vec. The third model BoW (a baseline model), was developed on a bag-of-words
approach that used frequency of terms to determine the most important information from the thread. Besides, the
fourth model TBoW was developed using disaster-related lexicons.

The rationale behind developing such a lexicon-based approach is twofold. First, it is simple and fast to implement
during a disaster as compared to word embedding models that require a comparatively big (disaster relevant)
dataset to train the model and create the word embeddings that can capture the contexts and semantics. This is
time-consuming. Second, depending on the idiosyncrasies in the training corpus, it does not guarantee that the word
embedding will capture the context of the disaster-related terms, which are critical to emergency response operations
in case if the word embedding models are trained on a general text – GloVe. As the word2vec embeddings used
in this research are trained on tweets posted during natural disasters, the information extraction model trained on
word2vec also shows promising results. The summaries generated by TBoW model however earned the highest
score. This elaborates the effectiveness of our methods that are based on a lexicon-based approach but produce
high-quality results outperforming word embedding algorithms. The TBoW information extraction model can
easily be adapted for other types of natural disasters such as hurricanes, floods, forest fires etc. by only modifying a
new event reporting and intensity lexicons for each disaster.

The third research question analyses how disaster-related information in a thread can be summarized using extractive
text summarization. We generated text summaries for every thread using all four models and evaluated the results
based on the meaningful presence of disaster-related terms. We further analysed the sample of 50 summaries used to
evaluate the extractive text summarization. To do so, we compared the number of words in all summaries generated
by four models with the number of words in their respective full threads. The analysis revealed that all four models
substantially reduced the number of words with an average of 39, 43, 44 and 44 for BoW, GloVe, word2vec, and
TBoW respectively compared to an average of 75 in full threads. The highest number of words in TBoW summaries
also support our results that TBoW model preserves the maximum information present in threads.

However, we also observed a few outliers. In one of such examples, the full thread contains 123 words and
summaries generated by BoW, GloVe, and word2vec contain 86, 77, and 81 words. Whereas, TBoW summary
contained the full thread with 123 words by only shuffling the sentences. This means that in this particular case,
extractive text summarization did not serve the purpose of condensing the amount of text to preserve the information.
This limitation can be addressed by using the abstractive text summarization approach to shorten the length of the
extractive summaries while preserving as much information as possible.

We also observed the presence of several irrelevant terms particularly for casualty and damage reports and help calls
thematic lexicons developed in this research. Although while developing these lexicons, we filtered irrelevant synset
definitions, however, a relevant synset definition does not guarantee a completely relevant set of terms. Nevertheless,
these irrelevant terms were not frequently present in the data and therefore did not affect the results.

Despite the limitations of this work and social media data in general, we conclude that social media threads are a
useful source to get context and additional information about various aspects of a disaster as compared to a single
post. This information can help reduce disaster risk by increasing situational updates that can improve the allocation
of resources for various disaster relief operations. The methodology of our research is reproducible and replicable
as well with other social media platforms such as Facebook.
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ABSTRACT

During natural disasters, automatic information extraction from Twitter posts is a valuable way to get a better
overview of the field situation. This information has to be geolocated to support effective actions, but for the vast
majority of tweets, spatial information has to be extracted from texts content. Despite the remarkable advances of
the Natural Language Processing field, this task is still challenging for current state-of-the-art models because they
are not necessarily trained on Twitter data and because high quality annotated data are still lacking for low resources
languages. This research in progress address this gap describing an analytic pipeline able to automatically extract
geolocatable entities from texts and to annotate them by aligning themwith the entities present inWikipedia/Wikidata
resources. We present a new dataset for Entity Linking on French texts as preliminary results, and discuss research
perspectives for enhancements over current state-of-the-art modeling for this task.

Keywords

Automated geotagging, French Entity Linking, Wikipedia, Twitter, Crisis Management, Natural Disaster

INTRODUCTION

When a natural disaster occurs, the main issue is to make sense of what is going on, with the necessity to be able
to qualify the severity of the situation and to follow its evolution over time. Response organizations address this
issue by collecting as much information as possible in order to increase their “situational awareness” and to build a
realistic “common operational picture” on which to undertake effective actions. After having considered for a long
time that the only exploitable data for disaster management should come from specialized services guaranteeing their
reliability and their technical quality, the experience of recent years has shown that citizen data could allow - when
well exploited - to bring additional knowledge and to build better targeted response (Kaufhold 2021). Federating
communities of users accustomed to daily comment events on live, social media channel the data of millions of
connected “citizen sensors” (Goodchild 2007) endowed with five senses, able to share testimonies spontaneously
and quickly. In practice, the richest information usually comes from those citizens being closest to the area affected
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by the disaster. Because the natural disaster affects their immediate environment, these “local citizens” (Grace
et al. 2017) are indeed more inclined - both in the physical and digital spheres - to help or to exchange objective
information on the field situation (Akter and Wamba 2019; Starbird et al. 2012). The latter tend to exchange
information on the effects of disasters, victims or other types of useful information, while populations farther away
from events relay this information, or express their empathy to the victims (Olteanu et al. 2015). For these reasons,
monitoring and analysis of social media has become at the heart of the concerns of crisis managers (Rasmussen
and Ihlen 2017), especially Twitter. Although it is not the most widely used social media, the Twitter platform
present particularly useful features for reporting and monitoring natural disasters such as publication of short
messages in real time, free streaming Application Programming Interface (API) making it possible to automate
monitoring tasks (Auclair et al. 2019), and ability to attach pictures. Its real-time monitoring and analysis may turns
in delineating rapidly the extension of the area impacted by an earthquake (Fayjaloun et al. 2021) or a flood (Arthur
et al. 2018), or identifying emergency situations of interest for the rescue or security forces (Qadir et al. 2016;
Z. Wang and Ye 2018).

As such, several works considering information extraction for natural disaster crisis management tried to place their
results on a map to make it directly usable (Stanek and Drosio 2012; Zhang et al. 2016) or advocate for alternative
way to build those maps such as crowdsourcing mapping (Hunt and Specht 2019). A very low proportion of tweets
have an intrinsic geolocation (less than 1%), like GPS coordinates (Cheng et al. 2010). Consequently, geolocation
of the information should be inferred from the information present in the text and/or the metadata of the tweet itself.
This can be done thanks to the recent advances in Natural Language Processing (NLP) allowing to extract accurate
word representations, in a vectorial form, from raw text. These vectors, or word embeddings, hold precious semantic
and syntactic latent features, including geospatial features. While the first word embedding approaches resulted in a
fixed set of vector for a given vocabulary (Mikolov et al. 2013; Pennington et al. 2014), modern approaches (Devlin
et al. 2019) propose to first train a generic model and then to fine-tune it on any downstream task. Among others,
works have been carried out to fine-tune such systems to solve the well-known Named Entity Recognition (NER)
and the Entity Linking (EL) tasks. The first one aims to detect and classify named entities, such as persons or
organizations, in running text, while the second one aims to disambiguate these entities by linking them to an
identifier, usually a node in a Knowledge Base (KB). This allows enriching the text with external information which
can help either an automated system to provide a better prediction or a human agent to better understand, or to
refute, the outputs of such systems.

In this work, we propose to apply EL on toponyms, or any geolocatable entity, mentionned in tweets written during
crisis such as earthquakes or floods. We use gazeteers, such as OpenStreetMap, as target for our EL system. Such a
system should enable end-users to collect fine to coarse grained information about the spatial entities mentioned
in a tweet, such as, most importantly, its coordinates on Earth, but also its area or its population. Depending on
these information, rescue teams may behave differently. For instance, an intervention in a densely populated city
center does not require the same human and material resources than another one in a less populated residential
neighborhood. However, training such a system requires quite a large annotated corpus, which makes solving
this task a real challenge, especially when dealing with French tweets. Indeed, French resources tend to be less
numerous than their English counterparts. This is why we first tackle the problem of collecting and annotating a
French corpus dedicated to the Entity Linking (EL) task. Due to the scarcity of geotagged tweets, collection and
annotation must be made manually, which is heavily resources consuming. Following a long line of works (Logan
et al. 2019; Merity et al. 2016; Bunescu and Paşca 2006), we propose an automated alternative using hyperlinks in
Wikipedia pages as a supervision signal.

Such a dataset would probably not fit Twitter data, therefore we plan, in a second time, to augment our dataset with
Twitter data. Nevertheless, it has already been shown that deep neural networks can be effectively pre-trained on a
generic task then fine-tuned to fit other, more specific, tasks, the most obvious example being BERT. Rajapaksha
et al. (2021) successfully trained large Transformer models to detect clickbait on Twitter data even though the base
pre-trained models were not necessarily trained on Twitter. Also, J. Wang et al. (2020) showed that augmenting a
Twitter dataset with data from Wikipedia had a positive impact on the predictive performance of their system. We
will first do a quick review of works proposing solution to extract spatial features from raw texts. Then, we will
show the benefits of an EL system over the others and we will describe the process we used to automatically build
our annotated dataset for EL. Finally, we will introduce our system architecture, which should fix some limitation of
current state-of-the-art approaches.

RELATED WORKS

Since the recent advances in Natural Language Processing (NLP), Named Entity Recognition approaches have been
mostly relying on deep learning architectures (Li et al. 2020). Modern neural architectures produce contextual
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representations of words, that can be leveraged to classify token and identify those representing spatial named
entities, yielding state-of-the-art results. The most famous approaches are BERT (Devlin et al. 2019) and ELMO (Peters
et al. 2018), which rely, respectively, on the Transformer (Vaswani et al. 2017) and LSTM architectures (Gers et al.
2000). Spatial Named Entity Recognition is a popular subtask of NER that can be performed with the same neural
architectures but requires dedicated annotated corpora for training and testing. J. Wang et al. (2020) relied on a
subset of Wikipedia to generate automatically a dataset to train a toponym recognition model. They trained a model
on this dataset, another on the WNUT2017 Twitter Dataset (Derczynski et al. 2017), and a last one on both. They
evaluated their models on a Twitter dataset extracted during Hurricane Harvey, in 2017, and showed that the model
trained on Wikipedia performs worse than the model trained on WNUT2017. However, using data from Wikipedia is
far from useless since the models trained on both corpora surpass them by a large margin.
These architectures can be further specialized and fine-tuned for geotagging purposes. This means associating
the tokens representing a spatial named entity, no longer with a class label, but either with predicted geographical
coordinates or with the identifier of a geographical entity of known location listed in a gazetteer. In both cases,
leveraging the contextual distributed representations of toponyms produced by modern language models may
prove especially useful. Indeed, toponyms often refer to multiple places in the world, for instance, five French
municipalities are called Chaumont. Previous works in the field of spatial entity resolution, either based on
supervised approaches or not, have shown the benefits of using contextual knowledge (nearest neighbors, spatial
relations, popularity, importance, etc. . . ) for place names disambiguation. BERT or ELMO based language models
have been pre-trained and made available for many languages. Geotagging systems can hence be derived from such
models.
Approaches for geographic coordinates prediction or geographic region classification. The quality of the
results of gazetteer-based approaches depends strongly on the quality of the input gazetteer, and in particular on its
completeness. To overcome this difficulty, especially for areas where few location data are available, many text
geotagging approaches propose to first discretize the surface of the Earth, or the studied area, into cells. In this
context, the geotagging task is a classification task with 𝑛 classes, 𝑛 being the number of cells. Early approaches
of that kind, are presented in the survey proposed by Melo and Martins (2017). More recently, deep learning
architectures have been proposed to solve this classification task, like in Gritta et al. (2018) or in Yan et al. (2021).
In both approaches, some geographical knowledge is introduced by feeding the model with the same spatial grid
where each cell is filled with knowledge regarding the candidate geographic entities: in the former, the candidates
population count is added, in the later it is the frequency of co-occuring place mentions. None of these approaches
can predict an exact location, since their theoretical precision is bound to the cell size, even though it is often the
coordinates of the cell’s barycenter that are given as results. This can be somehow mitigated by modulating the
cell size according to some criteria: for instance, it seems reasonable to set a smaller cell size in an area densely
populated. This kind of approach can also be used to predict a vague location that can then be leveraged by another,
more precise, geotagging method. Such an approach is proposed by Cardoso et al. (2022). A first deep learning
architecture is used to predict a probability distribution over geo-spatial regions in a hierarchical spatial grid and
this result is then combined with the centroid coordinates of the grid cells and a second loss function to predict
geographical coordinates.
Gazetteer-based approaches. The last kind of geotagging approaches takes advantage of gazetteers, such as Open
Street Map1 (OSM), Geonames2 or BDTOPO ®3. Gazetteers store the names of any type of geographic entity,
such as cities, streets, lakes or buildings, with at least a spatial reference alongside (i.e.: coordinates, a geometry,
etc. . . ). Further information regarding geographic entity properties may be added, like their nature, their geometric
properties, their population, etc. Such information, providing some contextual knowledge about geographic entities,
may reveal useful for place name disambiguation. That is why many works have focused on gazetteer construction
to improve spatial named entity linking results (Overell and Rüger 2008; Brando et al. 2015; Spitz et al. 2016; Kim
et al. 2017; Ardanuy and Sporleder 2017). Besides, gazetteers may provide very accurate location information for
each place name, which can be crucial for emergency response applications. Predicting such geographic entities is
the same as solving Entity Linking (EL), a task consisting in aligning text and entities from knowledge bases. Most
of the previous works have focused on unsupervised approaches based on two steps :

• Candidates selection: For each spatial named entity mention, this step aims at selecting the most similar place
names in the gazetteer. It is mostly performed with string similarity measures (Recchia and Louwerse 2013).

• Candidates ranking: This step aims at finding, among the selected gazetteer entries, the most likely to be
represented the same place as the spatial named entity mentioned in the text. This is performed either by

1https://www.openstreetmap.org/
2http://www.geonames.org/
3https://geoservices.ign.fr/documentation/donnees/vecteur/bdtopo

656 

WiP Paper – Social Media for Crisis Management
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022

https://www.openstreetmap.org/
http://www.geonames.org/
https://geoservices.ign.fr/documentation/donnees/vecteur/bdtopo


Gaëtan Caillaut et al. Geolocation of social network posts

applying a set of heuristics based on geographic entity distances (Habib and Keulen 2012; Derungs and
Purves 2014; Blank and Henrich 2015), their spatial relations (Kim et al. 2017; Paris et al. 2017), their
importance (Amitay et al. 2004; Brando et al. 2015) or with approaches implementing supervised learning
algorithms, like SVM or LambdaMART, with hand-crafted features to describe spatial named entity mentions
and geographic entities listed in the gazetteer (Martins et al. 2010; Daiber et al. 2013; Speriosu and Baldridge
2013; Santos et al. 2015). Many works use a corpus built from the English Wikipedia to train their learning
algorithm.

More recently, some approaches have tried to solve this task with deep-learning-based classification methods.
Xu et al. (2019) proposes DLocRL, a deep learning pipeline for locations recognition and linking in tweets, that
computes a matching score between a given tweet and a location profile built from geographic data extracted from
Foursquare4. They also add a post-processing step based on a Geographical Pair Linking algorithm that leverages
the geographical coherence between co-occurring spatial entity mentions. To overcome the limitation due to the
overwhelming number of classes, some works propose to train two classifiers — the first one receiving the text
containing (spatial) entities and the second one the features of the (spatial) entities to predict — in parallel to predict
the same spatial embedding (Botha et al. 2020).

Whatever the strategy adopted, there are two major challenges for geotagging applications based on deep learning:
integrating geographical knowledge into the model and building an appropriate corpus to train the model.

USING WIKIPEDIA TO TRAIN A SPATIAL ENTITY LINKING PIPELINE

As suggested in the previous section, predicting entities from KB or gazeteers, such as OSM, would have several
benefits. Amongst them, gazeteers store many precious information that could be extremely valuable in case of an
emergency, such as, for instance, the height of a building or the presence of a gas pipe near in a damaged area.
Unfortunately, there are very few datasets mapping text spans to OSM entities, making it impossible to train an
EL system to predict OSM entities. Actually, to the best of our knowledge, such mappings exist only between the
couple Wikipedia/Wikidata. For that reason, Wikipedia and Wikidata are ideal resources to train EL systems, since
all Wikipedia pages have a corresponding entity in the Wikidata graph. One can use the internal hyperlinks in
Wikipedia pages to train a system to (1) detect entities, since they are identified by hyperlinks, and (2) align them to
the Wikidata graph. Actually, many works have been relying on Wikipedia to extract supervisions signals from
hyperlinks (Botha et al. 2020; Merity et al. 2016; Ghaddar and Langlais 2017; Nothman et al. 2013), but only
a few uses the French Wikipedia. Other works have been using Wikipedia to train models capable of resolving,
specifically, toponyms and others geolocatable entities (Martins et al. 2010; Geiß et al. 2015). In the case of a
spatial entity, the Wikidata graph often contains links to other geospatial databases, such as GeoNames or OSM,
making it possible to retrieve fine-grained spatial features. Even if the Wikidata entity lack these links, spatial
features can, most of the time, be retrieved directly from the Wikidata KB.

However, models trained on Wikipedia may not be well-suited to deal with social network data, since Wikipedia
pages and social network posts generally do not share the same writing style. It is still possible to alter the Wikipedia
pages, for instance by randomly removing or swapping characters, or changing cases, which should make the model
more robust. But such alterations could conflict with the model’s tokenization methods, which could results in a lot
of <unk> token (J. Wang et al. 2020), which does not hold any useful information. Furthermore, such artificial data
augmentation are not sufficient since they cannot generate data with the same vocabulary and slang used on social
networks. That being said, the lack of annotated social network corpora, especially in French, will inevitably force
us to rely on the Wikipedia dataset, since it is the only publicly available corpus with direct mappings between
entities and text spans. Nevertheless, Wikipedia is insufficient on its own. As pointed by J. Wang et al. (2020), the
best performances are obtained with a combination of the Wikipedia dataset and a small social network dataset,
WNUT2017 (Derczynski et al. 2017).

Building an Entity Linking dataset automaticaly

The Wikimedia foundation provides dumps of Wikipedia5 and Wikidata6. The Wikidata dump consists in a big
JSON file whose size is approximately 70GB as of November 2021. It is relatively easy to read since it is encoded
as a single JSON array and entities can be processed incrementally by reading the file line by line. Hence, to process
the file, one needs to read the dump line by line and parse the JSON string to get a representation of the current

4https://foursquare.com/
5https://dumps.wikimedia.org/
6https://www.wikidata.org/wiki/Wikidata:Database_download
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Wikidata entry. The sole difficulties lie in understanding the Wikidata architecture, which is not really user-friendly,
and in processing efficiently and quickly such a large dataset.

The Wikipedia dumps are released as separate XML files: one per language. The French Wikipedia dump, as of
November 2021, is around 5.1GB. Being plain, standard, XML, the dump is quite easy to read too, although, as we
will see in the following, it is not really usable. Indeed, Wikipedia pages are written in a specific language, the wiki
markup language, also known as wikitext or wikicode. This language is known to have no clearly defined syntax and
extensively rely on (nested) templates expansion, making it extremely difficult to write a reliable parser7. Indeed,
previous work shows that standard parsing methods could not reproduce the expected Wikipedia output (Dohrn and
Riehle 2011). As a consequence, researchers seeking to leverage the Wikipedia corpora only can use unreliable
tools. Currently, WikiExtractor (Attardi 2015) seems to be the most used software to extract text from Wikipedia
dumps, despite that a lot of texts were removed because the tool could not handle some templates from the French
Wikipedia dump. Wikitextprocessor8 seems to be a very promising tool since it is capable of expanding
templates much more reliably, at the cost of an non-negligible increase in processing time. However it does not yet
handle non-English Wikipedia dumps, so it is not suitable for applications on other languages.

We also explored solutions using the Wikipedia API. Indeed, it is possible to retrieve the wikitext of a page using the
API, then ask the API to do template expansion on the wikitext. However, the template expansion API is limiting
the size of its input, and rate limits disallow making too much queries. These limitations could be bypassed by
hosting our own Wikipedia instance. While running a Wiki instance is made easy by using the official Docker
image, importing the whole Wikipedia dump is not feasible in a reasonable time frame since development of the
import tool have been abandoned9.

In the end, we did not have much choices but to rely on the HTML output of the Wikipedia website. However,
scrapping the whole website is excluded since it would take too much time, and it would be inappropriate regarding
the number of queries made to the Wikipedia web server. Furthermore, we do not need the full Wikipedia corpus
since we aim working with social network data. Hence, training a model on the entire Wikipedia corpus may
introduce biases into the system, making it inefficient on social network data. So, we extracted a small subset of the
French Wikipedia corpus following the same scheme as Merity et al. (2016). Using Pywikibot, we extracted the
list of featured and good articles, which are articles tagged as being well-written by real users from the Wikipedia
community. This resulted in 6027 articles, as of January 2022. We then scanned these pages in order to extract
links to other Wikipedia pages. These links are very important, since we will use them as gold reference to train our
Entity Linking system. As we intend to use a system similar to the one proposed by Botha et al. (2020), we also
need a short description per entities. So, we also downloaded the pages referring to the entities we extracted from
the 6027 featured and good articles, resulting in 336 743 articles, from which we extracted the first paragraph since
it is supposed to be a short description of the page, according to the Wikipedia’s guidelines10.

Not so much cleaning was necessary to make the HTML pages usable, since most of the work have been done by
the Wikipedia backend. We removed everything that is not raw text, such as tables and pictures and replaced the
mathematical formula by the textual representation, provided by Wikipedia, intended to text-based web browser.
We also removed common sections, such as “references” or “see also” sections, which we think are irrelevant for
most of the use-cases. Finally, we tagged the links with [E] tags. For instance, if a link to the page Paris with the
text “Ville lumière” (City of light) is found, it is replaced by the string “[E=Paris]Ville lumière[/E]”. This allow to
preserve both the original text, as well as the title of the linked page.

For each page we extracted from Wikipedia, we also extracted the following properties from the linked Wikidata
entity:

QID A string identifying a Wikidata entity. For instance, the QID of Paris is Q90.

Description A short description of the entity. Not always reliable.

Label The name of the entity. For instance the label of the entity Paris is “Paris”.

Aliases A list of aliases for the entity. For instance, both “Paname” or “Ville-Lumière” refer to the entity Paris.

Type A suggested type for the entity. One of “GEOLOC”, “ORG”, “PERSON”, “DATE” or “OTHER”.

7https://utcc.utoronto.ca/~cks/space/blog/programming/ParsingWikitext
8https://github.com/tatuylonen/wikitextprocessor
9https://www.mediawiki.org/wiki/Manual:MWDumper
10https://en.wikipedia.org/wiki/Wikipedia:Manual_of_Style/Lead_section
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Entity Type Count Instances

PERSON 85 670 301 714
GEOLOC 98 749 552 583
ORG 2180 13 849
DATE 2024 38 816
OTHER 116 118 712 683

Table 1. Number of distinct entities’ types as well as their appearance in the corpus.

The Type property is not extracted directly from Wikidata. We built an ad hoc set of rules to predict the type of
an entity. These rules check the presence of some properties in the entities. For instance, the entity Paris is an
instance of (property P31) of the entity Capital (whose QID is Q5119). Then, it is probably a spatial entity, so we
set the value “GEOLOC” to the Type property. The number of instances of each entity type is shown in Table 1,
but the data extracted from our set of rules has not yet been audited, so we do not recommend relying on it for a
production system. Our classification probably needs further refinement considering the high number of “OTHER”
entities.

We released our dataset on the HuggingFace hub11. It contains 6023 documents and 304 826 distinct entities.
Among the 37 051 326 words, 2 913 959 are part of an entity (an entity can be made of multiples words). A total of
1 619 961 entities have been annotated. The scripts we used to produce this dataset are available as a Git repository12.
Currently, the scripts are specific to the French Wikipedia, since some links are hard-coded, as well as the name of
the sections to remove during the cleaning phase. However, it should not be too difficult to edit the scripts in order
to make them work with any language.

A PIPELINE FOR NAMED ENTITY RECOGNITION AND ENTITY LINKING

We build a system heavily inspired from the work of Botha et al. (2020). This system encompass two Transformer-
base encoder trained conjointly to produce similar outputs. The first encoder is called the mention encoder and the
second one the entity encoder. In the original work, the mention encoder takes as inputs the title of a Wikipedia
page and a sentence from the same page, in which one entity is tagged. The entity encoder takes as input a textual
description of the tagged entity. Their system achieve impressive results, especially considering that it was able to
produce accurate representations for many languages, even on languages on which it has not seen during training.
However, we argue that this system, as is, is not well-suited for real-world applications. First, the system can only
process sentences from Wikipedia, since the Wikipedia title is a part of its inputs. As such, it may be difficult to use
this system on Twitter data. Second, the system can compute a representation for a single entity that has to be
tagged beforehand. Hence, this system has to be used in conjunction with an accurate Named Entity Recognition
(NER) system. Yet, we think that doing both NER and EL in the same time may be preferable because it may reduce
both the size of the model and processing time. Indeed, the dual encoder architecture is already heavy, since it
encompass two distinct BERT models13. Adding a third system to do NER would increase significantly the size and
complexity of an already complex architecture.

To alleviate the two mentioned limitations, we first propose to not rely the mention encoder on Wikipedia specific
features, such as the title of a page. In this case, the mention encoder takes only text as input. Second, the mention
encoder should not be limited to only one entity per input sentence and be designed to (i) detect any Named Entities
and (ii) compute Entity embeddings for each of them. In this configuration, the system has to be trained to minimize
the following dual objective:

𝑁𝐸𝑅(𝑜𝑛𝑒𝑟 , 𝑦𝑛𝑒𝑟 ) + 𝐸𝐿(𝑚𝑒𝑙 , 𝑒𝑒𝑙) (1)

Where 𝑜𝑛𝑒𝑟 are the predicted NER labels, 𝑦𝑛𝑒𝑟 are the expected NER labels, 𝑚𝑒𝑙 are the output entity representations
from the mention encoder and 𝑒𝑒𝑙 are the output entity representation from the entity encoder. The 𝑁𝐸𝑅 function is
the classical cross-entropy loss and 𝐸𝐿 is a loss function based on the cosine similarity.

CONCLUSION

Geotagging social network posts requires to be able to extract accurate and relevant spatial features from raw text.
Several strategy exists, and we chose to train entity embeddings by leveraging links found in Wikipedia pages. In

11https://huggingface.co/datasets/gcaillaut/frwiki_good_pages_el
12https://github.com/GaaH/frwiki_good_pages_el
13We suppose this is why the authors use only the four first BERT’s layers
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this work, we propose a set of open-source tools to automatically scrap data from Wikipedia and annotate them
using links found in Wikipedia articles. We also release a French dataset from the featured and good articles with
both NER and EL annotations.

While we do not have, yet, experimental results, we propose nevertheless further developments of the method
proposed by Botha et al. (2020) to make it more suitable in real-world applications since it does not rely specifically
on Wikipedia metadata (such as the page’s title) nor requires entity annotations. Experiments need to be carried out
to validate our proposed pipeline.

Future works will be dedicated to extending our dataset. First, we will manually annotate a set of French tweets
extracted during natural disaster events, such as the Alex storm that hits France in September 2020. Such efforts are
critical, since, as stated previously, a good system trained only on Wikipedia (or any mainstream dataset) will have
difficulties performing evenly on a Twitter dataset. Second, we will improve the NER annotations, since, currently,
we provide only a few class labels for Named Entity tagging and these annotations are given by an ad-hoc set of
rules.

Finally, we plan to integrate time related features into our modeling. Indeed, people are likely to post messages
about a specific event, such as an earthquake, in the same time span as the event. This could enable clustering
online posts around a shared event and help the disambiguation of some spatial entities by leveraging knowledge
extracted from other posts in the same cluster.
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ABSTRACT

Overload reduction is essential to exploit Twitter text data for crisis management. Often used pre-trained machine
learning models require training data for both, crisis-related and off-topic content. However, this task can also be
formulated as a one-class classification problem in which labeled off-topic samples are not required. Gaussian
processes (GPs) have great potential in both, binary and one-class settings and are therefore investigated in this
work. Deep kernel learning combines the representative power of text embeddings with the Bayesian formalism of
GPs. Motivated by this, we investigate the potential of deep kernel models for the task of classifying crisis-related
tweet texts with special emphasis on cross-event applications. Compared to standard binary neural networks, first
experiments with one-class GP models reveal a great potential for realistic scenarios, offering a fast and flexible
approach for interactive model training without requiring off-topic training samples and comprehensive expert
knowledge (only two model parameters involved).

Keywords

Gaussian Process, One-class Classification, Twitter, Overload Reduction, Crisis Informatics

INTRODUCTION

The benefits, potentials and limitations of social media data for crisis management have extensively been investigated,
for example with respect to media usage patterns (Reuter and Kaufhold 2018), incident databases (Wiegmann
et al. 2021), public information and warning (Zhang et al. 2019), practical challenges (Stieglitz et al. 2018), and
collaborative emergency management (Fathi et al. 2020). Identifying the subset of data that is related to the specific
question at hand usually is the first step in social media-based applications. However, this challenging task of
information overload reduction (Hiltz and Plotnick 2013; Rao et al. 2017; Kaufhold et al. 2020) is known to be one
of the main barriers to practically exploit social media data in emergency management (Plotnick and Hiltz 2016;
Stieglitz et al. 2018).

The most widely employed methods for classifying disaster-related social media text messages are based on
supervised (Burel and Alani 2018; Kersten et al. 2019) and semi-supervised machine learning (Kaufhold et al. 2020;
Kruspe et al. 2021). In (Wiegmann et al. 2020a), type-agnostic neural network models trained with data covering 9
common disaster event types and tested with data from unseen events yielded an average 𝐹1-score of 0.88 and an
average false positive rate (FPR) of 4.7 % when applied to 5 million random off-topic tweets. Even though this
indicates a good performance for a wide range of applications, drawbacks of such pre-trained models are the lack of
adaptability as well as the potentially low and unknown generalization capability in case of new events and event
types. To mitigate these issues, models trained from scratch utilizing ad hoc labeled data (Kaufhold et al. 2020;
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Snyder et al. 2020), domain adaptation approaches (Mazloom et al. 2019) and few-shot models (Kruspe et al. 2019)
might be possible alternatives. User interaction and thematic model adjustment functionalities in turn require expert
knowledge. Furthermore, the usually considered binary classification problem requires representative samples
of unrelated tweets (the class we are actually not interested in) to learn model parameters. At the cost of lower
expected 𝐹1-scores, recently proposed few-shot models (Kruspe et al. 2019) only require few examples to detect
semantically similar tweets in unseen data, and also offer one-class classification capabilities.

A further promising approach for both, classification and regression problems, is given with Gaussian processes
(GPs) (Rasmussen and Williams 2005) providing a Bayesian non-parametric, computationally tractable machine
learning framework. The following properties of GPs motivate the research presented in this paper: (1) GPs can
easily be combined with pre-trained deep learning models (for example sentence embeddings); (2) GPs are known
to be a suitable choice in case of few training samples (Deborah et al. 2017); (3) GPs can not only solve binary,
but also one-class classification (OCC) problems (Kemmler et al. 2013); (4) GPs provide probabilistic predictions.
These properties directly address demands in practical emergency management, where interactivity and flexibility is
desired and model uncertainty information can support prediction assessment.

A further potential benefit of OCC models is related to significantly imbalanced class occurrences, especially in
the case of Twitter streams that are not filtered by keywords. While balanced sample sets for training and testing
classifiers help to understand model performance in general, this setting does not represent the real ratio of related
and unrelated samples. Additionally, the off-topic class basically covers every possible unrelated content, which
makes sampling difficult. These challenges are circumvented in OCC. Especially in case of unexpected events,
discussions and developments hidden in a Twitter data stream, new OCC GP models may be trained from scratch to
detect similar microblog messages solely based on a small number of positive examples.

In the field of Twitter text analysis, GPs were only occasionally investigated, for example for rumor stance
classification (Lukasik et al. 2015; Lukasik et al. 2019), sentiment analysis (Deborah et al. 2017) and text regression
in general (Beck 2017). Taking advantage of both, the excellent representative power of deep neural networks
(DNNs) and the probabilistic framework of GPs, their combination, i.e., GPs on top of DNNs and trained end-to-end,
was investigated for tasks like image classification (Bradshaw et al. 2017) and image quality assessment (Camps
et al. 2018).

In line with these works, we investigate the combination of DNN-based feature representations (sentence embeddings)
and GPs for the task of identifying crisis-related tweets in binary and OCC settings. To gain first insights, we
examine the cross-event performance of general purpose GP models to identify any crisis-related tweet regardless
of the event type. Furthermore, the question of how GPs can be used for OCC in context of crisis-related situational
monitoring is investigated. The addressed tasks are therefore the classification of crisis-related tweets based on (1)
binary classification models that require positive and negative training samples, and (2) OCC models that only
require training samples for the class of crisis-related tweets.

RELATED WORK

Compared to often investigated neural networks (Kruspe et al. 2021) or non-probabilistic support vector machines
(SVMs) (C. Burges and C. J. Burges 1998), GPs gained less attraction in NLP for social media. In (Preoţiuc-Pietro
and Cohn 2013), periodic distributions of hashtag frequencies on Twitter over time are modeled in order to forecast
expected hashtag volumes based on past data. Multi-task GPs are used in (Cohn and Specia 2013) to model
annotator bias and for learning from outputs of multiple annotators while accounting for annotator-specific behavior.
Rumor stance classification aims at classifying social media user reactions related to potential rumors. In (Lukasik
et al. 2019), multi-task GPs are investigated for this task in a one-versus-all fashion.

In (Deborah et al. 2017), a bag-of-words feature representation and multi-kernel GPs are investigated for the task of
Twitter sentiment analysis. Multi-kernel learning automatically identifies the most suitable subset of kernels (or
combinations of these) instead of using a fixed kernel function. Genetically evolved Gaussian kernels for sentiment
analysis are investigated in (Roman et al. 2019). GPs for text regression tasks in general, and for emotion analysis
and machine translation quality estimation, are thoroughly addressed in (Beck 2017). Special emphasis is put on
deriving kernels for text data, for example, based on hard string matching and soft embedding-based matching.

In deep kernel learning (DKL) (Wilson et al. 2016; Ober et al. 2021) the excellent representative power of DNNs
and the Bayesian formalism of GPs are fused to hybrid models that can be trained end-to-end. A DNN is used
to obtain a low-dimensional latent feature representation fed into a GP. As an example, experiments conducted
in (Bradshaw et al. 2017) revealed, that DKL can be advantageous in transfer testing and for adversarial robustness.
In analogy to DNNs, deep Gaussian processes (DGPs) (Damianou and Lawrence 2013; Jayashree and Srijith 2020)
are multiple stacked GPs that are intended to learn rich representational functions along with uncertainty estimates.
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To the best of our knowledge, GP models were not yet investigated for the tasks of classifying crisis-related Twitter
microblogs. Related work in OCC problems focuses on other application domains, for example novelty or anomaly
detection in images (Kemmler et al. 2013) or image quality assessment (Camps et al. 2018), but indicates great
potential for various applications.

GP CLASSIFICATION MODELS

In this section, the concept of GPs is outlined. Furthermore, the binary and OCC models proposed and investigated
for classifying crisis-related tweets are described.

Gaussian Processes

GPs provide a Bayesian non-parametric machine learning framework which unites sophisticated and consistent
theory with computational tractability (Rasmussen and Williams 2005). In supervised learning, we seek to learn a
model 𝑓 that maps input vectors 𝒙 to target values 𝑦 = 𝑓 (𝒙). Instead of parameterizing a fixed 𝑓 explicitly, we can
assume that the function is drawn from a specific probability distribution. The (latent) function 𝑓 is distributed
according to a GP, if and only if any finite subset of function values 𝑓 (𝒙) has a joint Gaussian distribution. Hence,
even though the number of possible function values is infinite, inference based on a finite subset of observations
will provide the same result as if the infinite set of all unobserved points would have been taken into account.

Given a finite set of observed data samples and a GP prior that represents expected function behavior (e.g.
smoothness), the desired model outputs for new observations are represented as a posterior distribution over
functions 𝑓 and can be obtained via Bayes’ rule. For both, regression and classification problems, the inference
result for a new data sample is given with the mean (and variance) of the aforementioned posterior over functions
at this point. A GP is completely specified by its mean function 𝑚(𝒙) and covariance function 𝑘 (𝒙, 𝒙′) pairwise
evaluated at observations 𝒙 and 𝒙′:

𝑓 (𝒙) ∼ GP(𝑚(𝒙), ^(𝒙, 𝒙′)). (1)

Instead of using linear functions to model the relationship between 𝒙 and 𝑦, the input 𝒙 could be mapped into a
higher 𝑁-dimensional feature space using a nonlinear function (e.g. polynomials). As long as the projections are
fixed functions, the model is still linear and therefore analytically tractable (Rasmussen and Williams 2005). Given
the fact that an explicit mapping can be circumvented by choosing a covariance function that is defined in terms
of inner products in input space (i.e., the covariance between the outputs is defined as a function of the inputs),
learning equals to find a suitable covariance function.

GPs for Regression and Classification

Regression aims to map each input vector 𝒙 to a value 𝑦 ∈ [0, 1]. Under the assumption of a zero-mean function
𝑚(𝒙), the moments of the predictive GP distribution are defined by1

`∗ = 𝒌𝑇∗

(
𝑲 + 𝜎2

𝑛 𝑰
)−1

𝒚

𝜎2
∗ = 𝑘∗∗ − 𝒌𝑇∗

(
𝑲 + 𝜎2

𝑛 𝑰
)−1

𝒌∗,

(2)

where ∗ marks inputs and inference results for new observations 𝒙∗, 𝑰 is the identity matrix and 𝜎2
𝑛 is the prior

variance for all 𝑛 training observations 𝑿. Furthermore, the abbreviations 𝑲 = ^ (𝑿, 𝑿), 𝒌∗ = ^ (𝑿, 𝒙∗) and
𝑘∗∗ = ^ (𝒙∗, 𝒙∗) denote the covariance function applied on the training set 𝑿 and the unseen test data 𝒙∗.

A common choice for the covariance function is the squared exponential kernel of the form

^ (𝒙, 𝒙∗) = 𝜎2 exp
(
− ∥𝑥 − 𝑥∗∥2

2𝑙2

)
, (3)

where the lengthscale 𝑙 controls the smoothness and 𝜎2 the variance of 𝑓 (𝑥). Given a set of training data
[𝑿, 𝒚], these hyperparameters can be learned by maximizing the marginal likelihood 𝑝

(
𝒚 |𝑿, 𝜽 =

(
𝑙, 𝜎2) ) , i.e., the

probability of the data given the model, with respect to these parameters.

1More details on the derivation of equations can be found in (Rasmussen and Williams 2005).
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As described for example in (Kemmler et al. 2013), GPs can also be applied to the special task of one-class
classification. Due to the constant training labels 𝒚 = 1, the mean in (2) simplifies to

`∗ = 𝒌𝑇∗

(
𝑲 + 𝜎2

𝑛 𝑰
)−1

1. (4)

A decision whether the model prefers the positive class or not can simply be derived by thresholding the moments,
or related heuristics, like 𝐻 = `∗𝜎−1

∗ (Kapoor et al. 2010). However, compared to regression, where the model
parameters can be learned with gradient-based methods, the constant training labels would cause convergence to
a linear regression function that always predicts values 𝑦 ∼ 1. As a consequence, hyperparameter tuning is only
possible by taking into account application domain-specific conditions and assumptions.

The goal of binary classification is to predict the label 𝑦 ∈ {0, 1} given a feature vector 𝒙. In contrast to available
closed-form solutions for the regression case, the discrete output space in binary classification leads to non-Gaussian
posteriors. A common approach to derive a tractable solution in this case is to approximate the posterior with a
normal distribution.

DATASET

The disaster tweet corpus 2020 (Wiegmann et al. 2020b) is a large compilation of various publicly available sets,
comprising 48 disasters from the ten most common man-made and natural disaster types. For each tweet, a binary
label indicating the relatedness to a specific disaster event is provided. The original data sets are imbalanced with a
usually much higher number of related samples. Further, since all tweets were acquired by keyword search, the
original unrelated tweets do not represent the full distribution of this class (compared to an unfiltered set). To
address these two issues, balanced label ratios were obtained by simply replacing all initially given unrelated tweets
(from the original data sets) by appropriate amounts of unrelated tweets randomly sampled from a set of 5 million
tranquil tweets. Since the tranquil set solely contains off-topic tweets without the restriction to specific keywords
that have to be contained, it can also be used to evaluate the false positive rate of filtering models. An overview of
covered event types, number of events and labeled tweets is provided in Table 1.

Table 1. Event types, corresponding number of events and labeled tweets of the disaster tweet corpus.

Event Type # Events # Labels
Biological 2 6,106
Flood 9 14,210
Wildfire 3 4,820
Hurricane 9 48,922
Earthquake 11 27,034
Tornado 2 11,204
Transportation 4 3,850
Societal 2 11,206
Industrial 4 10,166
Other 2 2,852
Tranquil - 5 Million

PROPOSED MODELS

The large-scale evaluation framework proposed in (Wiegmann et al. 2020a) serves as our methodological baseline
and experimental setup, since the same task with special emphasis on cross-disaster experiments is addressed.
Within this frame, we investigate one dedicated GP model for each task, binary and one-class classification of
crisis-related tweets, with specific focus on cross-event generalization capabilities.

Baseline Model

The input layer of our baseline model for binary classification is a pre-trained universal sentence encoder (USE) (Cer
et al. 2018) converting each input tweet text to a 512-dimensional, real-valued feature vector2. These vectors are
then fed into a 3-layer feed-forward neural network (256, 128 and 2 nodes, respectively) with ReLUs as activation
function, and Max-Entropy as optimization criterion. It has to be noted that several other pre-trained embeddings

2https://tfhub.dev/google/universal-sentence-encoder-large/5
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would be a suitable choice here, especially models tailored to tweet texts, like BERTweet (Nguyen et al. 2020) or to
crisis-related tweets, like CrisisBERT (Liu et al. 2020). However, for a better comparability to the baseline model,
we utilize the USE embedding throughout this article. Experiments with other embeddings are planned in future
works.

Binary GP Model

In the binary setting, the USE embedding vectors are fed into a sequence of two fully connected layers with 128
and 16 nodes and ReLu activations. A reduced number of 16 latent dimensions (compared to 128 nodes in the
baseline DNN) is intended to keep the GP-related computational loads low. The resulting latent feature vectors
are then passed to a single Gaussian process layer with a squared exponential kernel and two output dimensions.
According to the discrete target values 𝑦 ∈ {0, 1}, a likelihood layer with a Bernoulli distribution is used as final
layer. End-to-end training with the Adam optimizer is conducted based on tensorflow (Abadi et al. 2015) and the
GPflux library (Dutordoir et al. 2021).

One-class GP Model

The potential use case for a one-class GP model is that there are no representative training samples available, for
example in case of new upcoming events or event types, new target regions or new specific target (sub-) topics
of interest. By providing a set of initial representative samples of the desired microblog texts, this model seeks
to find similar texts within the data stream. Since gradient-based training in this one-class case is not possible,
intermediate fully connected layers are not introduced here. The USE embedding vectors are directly fed into a
squared exponential kernel GP-layer (van der Wilk et al. 2020) in combination with a Gaussian likelihood layer
yielding scalar outputs 𝑦 ∈ [0, 1]. An input tweet text is classified as related, if 𝑦 > 0.5. This model involves only
two GP parameters, lengthscale and variance, which cannot be estimated based on training data. Their sensitivity is
therefore investigated in the experimental section.

EXPERIMENTAL RESULTS AND DISCUSSION

The following research questions are addressed in two corresponding experiments: (1) Are binary GP models suited
for classifying crisis-related tweets and for Twitter stream filtering? (2) How well do one-class GP models perform
for these tasks and how to choose appropriate model parameters? In order to ensure comparability to the baseline
model, the same splits of training and test events with 10-fold cross-validation (CV) are used. Furthermore, the
tranquil set of 5 million unrelated tweets is used to evaluate the filtering capabilities in terms of false positive rates.

In each of the two 10-fold CV experiments, a general-purpose GP model is trained with a randomly sampled tweet
set covering all involved disaster types. Each model is then evaluated with respect to all event types individually
with test tweets from unseen events. In order to investigate the impact of the training set size, nine different training
sample sizes in range 𝑁 = {50, . . . , 3, 000} are evaluated.

Binary GP Models

In each CV run, the binary GP model parameters are trained with 𝑁 training samples for 50 epochs. The
corresponding average 𝐹1-scores and false positive rates are summarized in Table 2.

In case of 𝑁 = 3, 000 training samples, the baseline DNN yields slightly better 𝐹1-scores for wildfire, transport,
industrial, and societal, as well as a maximum 𝐹1 gain of 0.044 for biological. This indicates a slightly better DNN
generalization capability when training data from few events (between 2 and 4) are available. In contrast, GP
𝐹1-scores turn out to be significantly better for event types covering more than 4 events (e.g. a gain of 0.06 for
hurricanes). This indicates a better GP generalization capability compared to DNNs if training data from various
events is available. Average GP 𝐹1 values for all event types is also higher (Δ𝐹1 = 0.04), which might be influenced
by the fact that event types with better GP 𝐹1-scores are also represented by significantly more labeled tweets.

In case of fewer training samples (𝑁 ≥ 250), a maximum 𝐹1 decrease of 0.064 for biological and around 0.03 for
all other types can be observed. This demonstrates that significantly smaller training sets can still be sufficient to
obtain well-performing models. It has to be noted that similar trends were observed for the baseline DNN model
with test data from types earthquake, flood and hurricane (Wiegmann et al. 2020a). For 𝑁 < 250, GP 𝐹1-scores
dramatically decrease. One reason for this might be the fact, that binary GP model optimization is initialized by so
called inducing variables representing the latent space points to be optimized. In order to ensure computational
tractability, we used 100 normally distributed random sample points covering the latent space, which might not be
an optimal choice - especially in case of few training samples.
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Table 2. Average 𝐹1-scores of binary GP models trained with 𝑁 random samples, corresponding baseline DNN
scores with 𝑁 = 3000 training samples, and average false positive rates (FPR) from classifying 5 million unrelated
tweet texts. For each test event type, 𝐿 labels from 𝐸 events are available.

Test Training Sample Size 𝑁

Type Binary GP Models DNN
𝐿 𝐸 50 100 250 500 750 1,000 1,500 2,000 3,000 3,000

Biological 6,106 2 0.523 0.672 0.910 0.911 0.911 0.920 0.921 0.915 0.930 0.974
Flood 14,210 9 0.509 0.662 0.870 0.874 0.873 0.888 0.884 0.891 0.895 0.840
Wildfire 4,820 3 0.516 0.682 0.916 0.919 0.924 0.922 0.932 0.932 0.938 0.949
Hurricane 48,922 9 0.519 0.670 0.890 0.898 0.899 0.911 0.913 0.914 0.918 0.858
Earthquake 27,034 11 0.519 0.673 0.903 0.906 0.919 0.923 0.928 0.931 0.933 0.915
Tornado 11,204 2 0.520 0.685 0.932 0.935 0.937 0.939 0.945 0.948 0.957 -
Transport 3,850 4 0.525 0.697 0.931 0.937 0.937 0.931 0.942 0.949 0.953 0.954
Societal 11,206 2 0.518 0.663 0.871 0.887 0.878 0.873 0.877 0.862 0.879 0.899
Industrial 10,166 4 0.518 0.693 0.938 0.941 0.939 0.944 0.950 0.950 0.957 0.964
All 137,518 46 0.519 0.675 0.902 0.909 0.908 0.912 0.917 0.915 0.925 0.883
Tranquil (FPR) 5 Million - 0.475 0.310 0.079 0.076 0.069 0.067 0.059 0.059 0.048 0.047

Average FPRs of GP and DNN models are similar for 𝑁 = 3, 000. Even though the FPR of GP models is nearly
doubled for 𝑁 = 250, this might still be a suitable model to automatically identify more representative tweets
reporting on a specific event. The obtained results indicate that DNNs and GPs offer advantages in different
surrounding conditions. Further in-depth experiments are required to gain more insights here. The question of how
GP model variances can help to evaluate prediction uncertainties will also be part of future work.

One-class GP Models

The main challenge in OCC is that the GP hyperparameters cannot be learned from labeled data. Since we therefore
do not use fully connected layers, our one-class model has only two hyperparameters: the kernel lengthscale 𝑙 and
variance 𝜎2 (even though one could also use an independent pair of parameters for each GP dimension). To gain
first insights regarding the sensitivity of these parameters, we focus on the filtering task involving data covering all
event types. In each CV iteration, a parameter grid search is performed. According to preliminary experiments, the
parameters were defined as log (𝑙) ∈ {−1.5, . . . , 1.0} and log

(
𝜎2) ∈ {−3.5, . . . , 1.0}. With a step size of 𝛿 = 0.1, a

total number of 1, 125 configurations are tested each CV. Since off-topic samples are not required, only 𝑁/2 positive
samples are used for training. The best identified models are additionally applied to the tranquil data to investigate
the resulting FPR. The best obtained average results over all CVs and the corresponding model parameters are listed
in Table 3.

Table 3. Best average 10-fold CV 𝐹1-scores obtained with one-class GP models applied to independent test data from
all event types. The scores are compared to a baseline DNN model (𝑁 = 3.000). For each 𝑁 , the best parameters 𝑙
and 𝜎2 are found in a grid search and then used to filter the tranquil set (FPR).

Training Sample Size 𝑁

One-class GP Models DNN
25 50 125 250 375 500 750 1,000 1,500 3,000

𝐹1 0.854 0.873 0.881 0.879 0.887 0.881 0.885 0.885 0.882 0.883
FPR 0.119 0.110 0.114 0.110 0.103 0.114 0.111 0.116 0.125 0.047

Best GP Model Parameters
𝑙 0.606 0.549 0.549 0.606 0.606 0.549 0.549 0.496 0.496
𝜎2 0.819 0.905 0.223 0.055 0.037 0.050 0.033 0.055 0.037

For a broad range of training sample sizes 50 ≤ 𝑁 ≤ 1, 500, the obtained 𝐹1-scores are similar or even slightly
better compared to the binary baseline model (𝑁 = 3, 000). In comparison to experiment 1 (all events), the best
obtained one-class 𝐹1-score of 0.887 is around 0.04 higher compared to the best DNN model and around 0.05
lower compared to the best binary GP model. However, a better performance of GP models with additional fully
connected layers comes at the cost of more required training data. In the binary setting, the maximum 𝐹1 is obtained
with 𝑁 = 3, 000 training samples, where 𝑁 = 375 samples were sufficient for the one-class model. No significant
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𝐹1 drops can be observed in case of 25 ≤ 𝑁 ≤ 375 training samples. Since our binary models tend to provide rather
random predictions in these cases, a model without fully connected layers turns out to be more suitable here. A
further reason for performance differences might be the fact that another GP implementation (GPflow (Matthews
et al. 2017)) is used, avoiding the need of inducing variables.

For all training sample sizes, the FPR is approximately three times higher compared to the FPR of the binary
baseline model, reflecting the lack of adjusted latent space decision boundaries estimated by incorporating negative
training samples. This might be acceptable, if such a model could be directly applied for live stream overload
reduction without the need of iteratively searching parameters and only requiring up to 𝑁 = 50 representative
samples. However, appropriate values for the lengthscale and variance are unknown a priori. Maximum differences
Δ𝑙 = 0.11 and Δ𝜎2 = 0.87 of the found optimal parameters indicate a rather narrow search space for the investigated
task. Average values 𝑙 = 0.56 and 𝜎2 = 0.25 may serve as a reasonable choice for initial parameters. Strong
observed 𝐹1 peaks with respect to the lengthscale for all tested one-class models demonstrate that the log-scale
step-size 𝛿 = 0.1 is not optimal and should be decreased.

CONCLUSION AND OUTLOOK

In this work, first experimental results using Gaussian processes for Twitter stream overload reduction are presented.
The basic idea is to combine current deep learning-based feature representations with the Bayesian framework of
GPs in order to approach Twitter overload reduction in binary and one-class settings. The investigated models are
intended to identify any crisis-related microblog texts from unfiltered Twitter streams.

Our binary GP classification model, in which the two-node output layer of a standard DNN is replaced by a GP, is
able to outperform the baseline DNN in case training data from multiple events are available. In case training data
from only few events are available, the baseline DNN shows a bit better generalization capability. With 𝑁 ≤ 250
labeled samples, training of the binary GP model does not lead to satisfactory cross-event test results. One reason
for this might be the high number of fully connected layer weights (𝑁𝑤 = 67, 728) that need to be estimated together
with the GP parameters. A further reason could be the sub-optimal initialization of inducing variables.

Our one-class model comprises a pre-trained sentence embedding and a single kernel regression GP and therefore
only has two trainable parameters. This is intended to reduce the barriers for model application in realistic scenarios.
Another explanation for this design is that end-to-end training is simply not possible in the OCC case. Compared
to the baseline DNN, similar 𝐹1-scores can be observed for all investigated training set sizes 25 ≤ 𝑁 ≤ 1, 500,
indicating the great potential of OCC GPs. However, reduced efforts in training data sampling and training efforts
come at the cost of nearly tripled false positive rates of up to 0.12. Furthermore, it has to be noted that also binary
DNNs are able to provide quite good results in case of few training samples.

According to our experimental results, the main advantages of one-class GPs can be summarized as follows:
(1) OCC GPs don’t require negative training samples and therefore the problem of extremely unbalanced class
distributions and the related task of sampling representative samples is circumvented; (2) Our investigated OCC
GPs do not require DNN parameter optimization and are therefore potentially well suited for immediate social
media situational monitoring in case of completely new event or topic types.

In conjunction with the challenge of finding optimal one-class GP model parameters, further research in several
directions is required. In future work, more experiments involving baseline models for all tested configurations and
training sample sizes 𝑁 will be conducted. Besides the usual evaluation metrics, also qualitative investigations
are planned. This will help to better understand which model to prefer in case of specific surrounding conditions.
The benefits of the GP model prediction variances will also be investigated, since this information is a potential
indicator for unreliable model outputs and may therefore be helpful to detect uncertain predictions as well as for a
guided collection of new training data. Furthermore, the impact of utilizing different tailored text embeddings, like
BERTweet (Nguyen et al. 2020) or CrisisBERT (Liu et al. 2020), will be investigated.

The fact that one-class GP models require manual interaction can be seen as an advantage for practical applications,
like flexible social media-based situational monitoring. A one-class GP model along with few positive samples
could be used to obtain initial stream filtering results, for example to identify crisis-related tweets or to find tweets
that contain eyewitness reports. We therefore plan to implement and test an interactive dashboard that enables
users without deep machine learning and programming experiences to train, apply and interactively adjust GP
models. In order to gain more insights regarding different application scenarios, additional labeled data sets, like
HumanAID (Alam et al. 2021) or tweets representing eyewitness reports (Zahra et al. 2020), will be incorporated in
future experiments.
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ABSTRACT

Rapid impact assessment in the immediate aftermath of a natural disaster is essential to provide adequate information
to international organisations, local authorities, and first responders. Social media can support emergency response
with evidence-based content posted by citizens and organisations during ongoing events. In the paper, we propose
TriggerCit: an early flood alerting tool with a multilanguage approach focused on timeliness and geolocation. The
paper focuses on assessing the reliability of the approach as a triggering system, comparing it with alternative
sources for alerts, and evaluating the quality and amount of complementary information gathered. Geolocated
visual evidence extracted from Twitter by TriggerCit was analysed in two case studies on floods in Thailand and
Nepal in 2021. The system respectively returned a large scale and a local scale alert, both in a timely manner and
accompanied by a valid geographical description, while providing information complementary to existing disaster
alert mechanisms.

Keywords

Social Media, Disaster management, Early Alerting

INTRODUCTION

The increasing use of mobile phones and social media has transformed the way people witness and report climate
and weather related disasters. Social media has been demonstrated to be a worthy source of data to provide
situational awareness in the course of a disaster event. Effective response to natural hazards, such as floods, can
reduce loss of life and mitigate structural damages. Access to timely and accurate data is essential to the disaster
response. The effectiveness of the humanitarian response is outside the scope of this work. Instead, we focus on the
mechanism of early alert using social media, under the assumption that supporting the activation of the disaster
response protocol with pertinent and geolocated evidence is beneficial for the affected community.

Remote sensing data such as satellite images have also proven to be a valuable source of information to support
humanitarian relief and disaster response. Advances in Artificial Intelligence (AI) provide a way of extracting
relevant information from satellite imagery and thus contribute to speeding up the damage assessment. Even though
computer vision techniques can process large amounts of data in a short time, the triggering of such systems is often
tied to manual or semi-automated procedures.

To leverage an alternative and abundant source - social media - this paper proposes a methodology for early flood
alerting using Twitter, providing a systematic approach to extract near-real-time and geolocated evidence about

∗corresponding authors
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onsets of flood events. The goal of this paper is to analyse how this information correlates with existing alert
mechanisms.

The paper is structured as follows: the next section presents existing disaster alert and trigger mechanisms, and the
current use of social media as an early alerting system. In the subsequent section, the TriggerCit methodology for
extracting information from social media posts is illustrated. Then, the TriggerCit methodology is applied to two
different case studies for flood events in Thailand and Nepal and the results are discussed.

RELATED WORK

Existing disaster alert and trigger mechanisms

Multi-hazard early warning systems and disaster alert mechanisms are a significant component of disaster risk
reduction. They help prevent loss of life, reduce the impact of natural hazards, and assist responders in disaster
handling. In this section, we will discuss two key state-of-the-art alert mechanisms.

The Global Disaster Alert and Coordination System1 (GDACS), started in 2004, is a joint initiative of the United
Nations Office for the Coordination of Humanitarian Affairs (UN OCHA)2 and the European Commission (EC).
It is designed to alert the international community during sudden-onset disasters that might require international
assistance. GDACS serves to consolidate and improve the dissemination of disaster-related information and
coordination in the first phase of a disaster. The GDACS website consists of different tools, which have been
incorporated into disaster response plans by several governments and organisations. The GDACS Disaster Alerts
are auto-generated based on algorithms and available data to alert oncoming disasters. The system calculates
alerts based on specific risk indicators, like the severity of the disaster, the affected population, and the country’s
vulnerability. Subscribers are notified via Email and SMS (Kavallieros et al. 2015). GDACS information is openly
accessible. For the first phase of a disaster, governments and disaster response organisations rely on GDACS alerts
and automatic impact estimations to plan international assistance. The Virtual On-Site Operations Coordination
Center (Virtual OSOCC)3 facilitates information exchange and coordination.

The Global Flood Awareness System4 (GloFAS) is a component of the Copernicus Emergency Management Service
(CEMS) that delivers global hydrological forecasts to registered users. GloFAS combines information from the
satellites and forecast models to produce GloFAS forecasts, Seasonal forecasts, and Impact Forecasts (Kavallieros
et al. 2015; Zajac et al. 2014). The GloFAS Forecasts are available free of cost to all, with registered users from
Hydro-Meteorological services, academia, and the humanitarian sector (HydroConference | WMO Accessed on
01/21/2022).

Social media as early warning and alerting systems

Several social media sources have been considered in the literature, the main one being Twitter5 as it provides public
application programming interfaces (APIs) to search posts and related metadata. Several research works have been
published on tweets analysis. Here we focus on tweet analysis for early event detection. One of the first papers on
the topic is Sakaki et al. 2013, in which the focus is on the timeliness of the extracted information, in particular in
the case of earthquakes. Like in other papers analysing social media, the post geolocation is extracted from Twitter
metadata. As studied in the literature (e.g., Scalia et al. 2021), this is usually available only in a small percentage of
the posts. Recent papers focused on analysing in parallel several sources of information for deriving awareness
on emergency events. In Shoyama et al. 2021, the impact of extensive floods in Japan has been assessed using
hydrogeological information and tweets for detecting event outbreaks and phases in the affected areas.

The importance of images and geolocation via text has been recently emphasised to overcome the limitations of
native Twitter geolocations. There are several advantages of having precisely geolocated tweets. Fohringer et al.
2015 show how a very limited number of tweets, combined with elevation profiles, can give a precise map of
flooded areas; also Scotti et al. 2020 emphasise the integration of tweet data and hydraulic modeling for mapping
flooded areas. Wang et al. 2020 uses text to geolocate posts and to classify phases of events automatically. The
geolocation steps are based on Named-Entity Recognition (NER) and gazetteers to identify locations. However, the
focus is mainly on locations in the US and the English language.

1https://www.gdacs.org
2https://www.unocha.org
3https://vosocc.unocha.org
4https://www.globalfloods.eu
5https://twitter.com
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A more comprehensive approach to social media posts geolocation has been proposed in the CIME system (Scalia
et al. 2021). The NER is based on Polyglot (Al-Rfou et al. 2015), which supports more than 40 languages. CIME
disambiguates candidate locations using Nominatim6, a search engine for OpenStreetMap data. Disambiguation
considers candidate locations, their distances, and their ranks in the OpenStreetMap administration level hierarchy.

Post geolocation can achieve a significant, although variable, level of precision. CIME was exploited in the E2mC
project (Havas et al. 2017) to support rapid mapping activities within Copernicus Emergency Management Services
(EMS)7. An important issue that emerged is the high number of duplicate and non-relevant images. A systematic
approach to image filtering for geolocated tweets has been proposed in Negri et al. 2021, developing the VisualCit
image processing toolkit, aimed at extracting indicators about emergency events. The toolkit allows image filtering
based on contents, such as similarity, non-photographic content, presence of specific objects, and event-specific
classifiers (including floods, see Rivera et al. 2021). Other authors have proposed to create event-specific classifiers
(e.g., Imran et al. 2020) automatically, without focusing on locations and systematic data preprocessing.

Another important issue is determining the severity of events using tweets as a source of citizen knowledge. A
combination of sentiment analysis and frequency of impact-related keywords has been used in Kankanamge et al.
2020.

The availability of a representative set of search keywords is paramount for leveraging social media data. The goal
is to get sufficient coverage of the event, both in the initial phase and as the event unfolds, as shown in Olteanu et al.
2014. In several papers, general purpose keywords are used. A systematic approach has been developed in E2mC
based on data mining techniques for multilingual keyword extraction (Kirsch et al. 2018).

In the present paper we propose TriggerCit, a systematic methodology to extract flood alerts from Twitter posts. We
focus on detecting the occurrence of flood events within the first 48 hours of the event, and describing them at the
regional administrative level, providing image evidence with detailed locations. The goal is to select localised,
relevant information from social media in a short time. The approach leverages VisualCit processing and CIME
geolocation. The results are compared, over two case studies, with data from the event alert systems described in
3.1.

METHODOLOGY

The proposed approach, shown in Fig. 1, is implemented as an analytics pipeline aimed at detecting flood events
and extracting high-quality event-related information. The components are adapted to Twitter. However, most of
the concepts can be generalised to other compatible social media.

Figure 1. TriggerCit methodology for identifying occurrences of flood events and related locations.

The main steps of TriggerCit are illustrated in the following.

6https://nominatim.openstreetmap.org
7https://emergency.copernicus.eu
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1. Word dictionaries for social sensing
A seed dictionary, which consists of a curated dictionary of words, is built for each language and event of
interest. Ideally, this dictionary should be rich enough to account event variability, yet specific enough to
match relevant messages only. Language-dependent dictionaries should be curated by expert native speakers.
Moreover, the same event could be described in different languages, since multiple languages could be spoken
in affected regions. In the current experiments, we assume that a small general-purpose set of terms is
available, as we provide novel techniques for automatically augmenting the event-related set of words (see
Step 7). The use of limited initial dictionaries allows us to start a data collection in any language of choice
even if a full language-dependent dictionary is not available in the considered case.

2. Word count monitoring for event detection
With proper linguistic resources in place, a monitoring system for disaster-related terms can be implemented.
Dictionaries can be used to build one or more queries towards this goal. We chose to build a query as the
logical OR of the words in the dictionary. Alternatively, per-word time series can be used. Getting the time
series of the number of matched posts is straightforward with Twitter APIs. The main advantage of querying
counts is that no actual tweet content data is exchanged, so almost no computation is involved at this stage.
Moreover, no tweet quota is consumed, which could be critical if the number of queries to monitor is high
(e.g., many countries/languages). Rate limits are compatible with near-real-time monitoring. Geographical
boundaries can be specified: however, this will limit the results to the few tweets that are natively geotagged
in Twitter, which is usually a limiting factor as discussed in Scalia et al. 2021 and other works.

3. Triggering
Using the counts time series, an event triggering system can be designed. Ideally, the component should be a
supervised classifier, using one or more validated datasets such as historical GDACS alerts for the event starts
(and ends) as reference data. A more straightforward mechanism triggers an event if the tweet count growth
exceeds some threshold.

4. Get tweet contents
If an event is likely occurring, we selectively download tweet data for the time interval of the event using the
Twitter search endpoint, excluding retweets. Full-archive search API is available for research purposes. The
recent search API is also available, which is accessible to the general public and limited to the last 7 days.

5. Extract relevant content with VisualCit
We then concentrate on tweets with images, applying a VisualCit semantic filtering pipeline to extract relevant
contents. The tasks in the pipeline are ordered “quickest first” as a heuristic to get a faster overall processing
time. The proposed pipeline consists of the following tasks:

(a) Remove duplicated images and similar images (e.g., rescaled versions, modified versions).
(b) Remove non-photos, such as drawings, screenshots and computer-generated images.
(c) Remove not-safe-for-work images8.

The confidence thresholds for the single tasks are chosen through empirical validation, to achieve a reasonable
performance without substantially removing useful data.

6. Use CIME for geolocation
The CIME geolocation algorithm described in Scalia et al. 2021 is then applied to associate tweets with
geographical entities, whenever possible. Locations in unrelated countries are filtered out using national
administrative boundaries.

7. Use pipeline output as feedback for input
Having a selected set of relevant items could be useful to leverage the significant, unfiltered mass of tweets
without images. A straightforward approach could be extracting tweets related to the ones in the VisualCit
output, searching in the broader set of text-only tweets retrieved in Step 4. Textual frequency analysis may
help us to identify keywords that were not explicitly listed in the original seed dictionary. New keywords can
then be posed as a query to the corpus of text-only tweets. A simple measure like the TF-IDF score (possibly
combined with the widespread cosine similarity) can rank individual tweets concerning this query. Selected
text-only tweets with a score higher than some threshold (henceforth referred to as promising text-only tweets)
can then be fed to CIME for geolocation, thus expanding the real-time geographical description of the event.
In next section, focusing on the use case in Thailand, we show how this approach can effectively augment

8“not suitable for viewing at most places of employment”, according to the Merriam-Webster online dictionary.
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the map of relevant tweets. This approach could be further extended in order to refine the input space by
recovering information with additional queries in Step 4.

8. Crowdsourcing
While the process so far is aimed at filtering relevant contents, it is indeed completely automatic and could
fail to understand some of the characteristics of the input data. As a countermeasure, a crowdsourcing step
could be put in place, in order to correct and enhance the outputs and their geolocations, compatibly with
available resources and constraints (eg. time). In the remainder of this work we will focus on the evaluation
of the automated components, acknowledging that a crowdsourcing component will possibly complement the
described system.

9. Visualization
The process output consists of a representative set of social media posts, used to deliver thematic maps
providing geolocated evidence to stakeholders.

CASE STUDIES

In this section, we apply the proposed methodology to two flood events that occurred in 2021 in Thailand and Nepal.
The two events were selected since the United Nations Satellite Centre (UNOSAT)9 supported both activations in
Nepal10 and Thailand11 with satellite-derived maps and AI-based flood detection analysis, updating operational
dashboards in near-real-time12 and providing daily updates.

Thailand Flood Event - September-October 2021

Event description

In late September and October 2021, tropical storm Dianmu inundated regions in Vietnam, Laos, Cambodia, and
Thailand. According to the UNOSAT Thailand flood monitoring dashboard13, around 14.3 square kilometers of
the country were inundated between September 27 and October 27, 2021. An estimated 1.4 million people were
affected by the flooding, with 32 of 76 provinces affected by heavy rains for nearly a month. The statistics mentioned
above were computed in the aftermath of the flood events and should be considered as a preliminary analysis since
they have not been validated yet in the field.

Data description

We queried Twitter with the logical OR of the three most frequent terms in the dictionary (see Fig. 2(a)) of Thai
terms correlated to flood events and provided by the UNOSAT office in Bangkok. The event onset is clear using the
Thai dictionary, but not with the equivalent English dictionary (see Fig. 2(b)).

We concentrated the analysis on the 48 hours between September 26, 00:00 UTC and September 28, 00:00 UTC,
since there is marked evidence of the event onset. Over this period, more than 4 million tweets match the seed query.

Data Count
All tweets, September 26-27 4’145’447

No retweets 66’868
Containing images 6’292

Native Twitter locations 227
Overall images 8’774

Passed VisualCit filters 3’056
Places geolocated by CIME 1’671

Table 1. Dataset cardinality through processing, Thailand case study

Processing output
We first focused on processing the 8’774 images available14 with VisualCit (see Fig. 4 for an example of the result).

9https://unitar.org/sustainable-development-goals/united-nations-satellite-centre-UNOSAT
10https://unitar.org/maps/countries/70
11https://unitar.org/maps/countries/100
12https://unitar.org/about/news-stories/news/unosat-flood-ai-dashboards-nepal-creation-one-stop-shop-rea

l-time-evidence-based-decision-making
13https://unosat-geodrr.cern.ch/portal/apps/opsdashboard/index.html#/4f878691713a40f3b8ef3140e63c9f6d
14The datasets for this paper are available on Zenodo (Bono 2022)

678 

WiP Paper – Social Media for Crisis Management
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022

https://unitar.org/sustainable-development-goals/united-nations-satellite-centre-UNOSAT
https://unitar.org/maps/countries/70
https://unitar.org/maps/countries/100
 https://unitar.org/about/news-stories/news/unosat-flood-ai-dashboards-nepal-creation-one-stop-shop-real-time-evidence-based-decision-making
 https://unitar.org/about/news-stories/news/unosat-flood-ai-dashboards-nepal-creation-one-stop-shop-real-time-evidence-based-decision-making
https://unosat-geodrr.cern.ch/portal/apps/opsdashboard/index.html#/4f878691713a40f3b8ef3140e63c9f6d


C. Bono et al. TriggerCit: Early Flood Alerting

(a) Thai entries

(b) Thai / English

Figure 2. Daily tweet counts for Thai dictionary entries

Level Admin level Count
Province 4 7
District 6 8

Municipality or subdistrict 8 176
Village or community 10 9

Other points 15 1’265

Table 2. Administrative level counts for CIME geolocations

The VisualCit pipeline is configured to remove duplicates, non-photos, and not-safe-for-work contents. The average
processing time for each item, including network overheads, is 171ms (roughly 20’000 elements/hour) on a single
server.

The resulting dataset is then processed with the CIME algorithm in order to extract locations. The distribution of
the places extracted by CIME does not simply replicate the distribution of the native geotags, as it can be seen
comparing Fig. 3(a) and Fig. 3(b), and allows a clearer description of affected areas. In our experimental setup,
to the 206 locations natively present in the tweets and located in Thailand, we can add 1’465 locations that are
within Thailand state borders. The average processing time for each item with CIME is 224ms15. The correlation
between the geolocated data and the affected areas, as described by official sources16, can be appreciated in Fig. 3.
Population estimates by province used for data normalisation were extracted from Wikipedia17. Mainly, specific
locations or entities with sub-district administrative level are extracted (see Table 218). Data cardinalities through
processing steps are described in Tab. 1.

15With no parallelism
16https://reliefweb.int/sites/reliefweb.int/files/resources/FlashUpdate_02_28Sep2021-TC-DIANMU-THLVNMLAO

.pdf
17https://en.wikipedia.org/wiki/Provinces_of_Thailand
18OpenStreetMap administrative levels for Thailand https://wiki.openstreetmap.org/wiki/Tag:boundary=administrative.
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(a) Native Twitter geolocation (b) VisualCit geolocation (c) VisualCit geolocation with ex-
tended tweet set

(d) Affected people

Figure 3. Geolocations / inhabitants ratio by region (a) Twitter native geolocations, (b) Twitter native + CIME
geolocated, (c) Twitter native + CIME geolocated from extended dataset (with images + promising text-only tweets),
and (d) Number of affected persons by region at September, 28th (source: ReliefWeb)

Fig. 3(c) shows how we can further extend location analysis by exploiting the text-only tweets as described in
Step 7 of the TriggerCit methodology. A word frequency analysis of the VisualCit output provided us with two new
keywords (water and house). We posed these two together with the original seeds as a query to the text-only corpus
and measured the cumulative TF-IDF score of each tweet. We regarded the 6’021 tweets within the 0.9 percentile
of the score as promising and fed them to CIME for geolocation. 661 of these tweets were successfully geolocated
within Thailand by CIME.

(a) Removed items (b) Kept items

Figure 4. Example images for (a) items being removed by the pipeline, and (b) items being kept

Assessment of the results

TriggerCit outputs an alert on September 27 due to the increase of tweets compared to the days before considered as
a baseline. It also returns a weighted set of administrative levels where the alert is coming from, which partially
correlates with the number of affected people and gives a preliminary indication of the affected regions.

Nepal Flood Event - June-July 2021

Event description

Between June and October 2021, 673 people have lost their lives in Nepal due to floods and landslides caused by
seasonal and unseasonal heavy rain and severe weather19. Among the events at the beginning of the monsoon
season, heavy rain triggered multiple landslides and flooding on the Melamchi river, in the Sindhupalchok district,
resulting in more than 20 deaths20. Damage and casualties followed since late June and the beginning of July,
marking the onset of the disaster event. The case study focuses on evidence from tweets gathered in this early stage.

Data description

Using a pre-defined dictionary of Nepali words generically related to flood events, the query consisted of the logical
OR of the terms (see Fig. 5). As in the case of Thailand floods, it is difficult to extract evidence with English seed
keywords (see Fig. 5(c)).

19https://reliefweb.int/disaster/fl-2021-000134-npl#overview
20https://en.wikipedia.org/wiki/2021_Melamchi_flood
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(a) Nepali entries in June

(b) Nepali entries in July

(c) Nepali / English

Figure 5. Daily tweet counts for Nepali dictionary entries

The most evident event using our dictionary happened in the middle of June, as seen in Fig. 5(a), which coincides
with the event dates reported in the news. Over June 16-17, 6’639 tweets matched the query. It is relevant that,
among the few posts with native Twitter geolocations, none contained information specific to this event.

We replicated the analysis for the first two days of July, since in these days several incidents with casualties happened
in different places of Nepal21. In this case, the time series of tweets matching our query show an increasing trend,
albeit less evident than in the previous case.

21https://floodlist.com/asia/nepal-floods-landslides-july-2021
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Data June 16-17 July 1-2
All tweets 6’639 1’225

No retweets 2’807 594
Containing images 261 63

Native Twitter locations 8 10
Overall images 391 80

Passed through VisualCit 218 55
Places geolocated with CIME 51 10

Table 3. Data cardinality in Nepal case study for June 16-17 and July 1-2

Processing output

The experimental setup is equivalent to the one used for the Thailand case study. Data cardinalities through
processing are reported in Tab. 3. Since the pipeline did not support Nepali natively, we processed Nepali texts
with a publicly available NER tool for Nepali22, described in Singh et al. 2019. The processed posts are then fed to
a modified CIME algorithm for location extraction.
For data in June 16-17, among the 51 locations extracted, 21 refer to the Bagmati province, in which the event is
taking place, and 19 explicitly refer to Sindhupalchok district (as Fig. 6 shows). Another 11 generically refer to
Nepal, so they are ignored. It is interesting to note that, compared to the GloFAS Rapid Impact Assessment map,
there is a complementarity regarding this event, since there are no reporting points for the Sindhupalchok district.
For data in July 1-2, an overview of the processed data is reported in Table 3. The amount of evidence gathered is
smaller than the previous time frame, with only 6 useful locations extracted after running the images through the
pipeline (4 out of 10 are generic mentions of Nepal), and 14 in the overall set of tweets with images. Nevertheless,
it is worth comparing the results with different sources of information to understand how to complement available
information, which is not always concordant and could suffer from data scarcity. In Fig. 7 we gathered figures for
different signals on July 2, coming from UNOSAT, GloFAS, TriggerCit, and reports from the Nepal Disaster Risk
Reduction portal (NDRR)23. The relevance of the locations extracted with our approach is partial, but significant in
some cases. The limited amount of data is possibly related to the specificity of our queries, which are focused on
flood terms, while 50 out of 59 incidents reported by NDRR have a “Heavy Rainfall” or “Landslides” label. The
impact of a tailored dictionary should be further investigated.

(a) Nepali tweets geolocated with CIME - June 16-17, 2021 (b) GloFAS reporting points and Rapid Impact Assessment map
- June 17, 2021

Figure 6. Nepali case study - June 16-17, 2021

Assessment of the results

TriggerCit outputs an alert on June 16 due to the increase of tweets compared to the days before considered as
baseline (Fig. 6). This trigger is related to a specific local event. Heavy rainfall caused a number of floods and
landslides, across different regions of Nepal during the following weeks. Comparing the two periods, it appears
that the peaks of tweets are more likely for sudden unexpected events, rather than for an expected event which is
developing over time with many local events over an extended area. The corresponding maps and reference maps
are shown in Fig. 7. The ability of TriggerCit of keeping track of these events is still under evaluation.

22https://github.com/oya163/nepali-ner
23Events of flood, heavy rain and landslides reported from http://drrportal.gov.np/ for July 1-2
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(a) UNOSAT Flood AI Monitoring Dashboard - July 1-2, 2021 (b) GloFAS reporting points and Rapid Impact Assessment map
- July 2, 2021

(c) Geolocated Nepali tweets by district - July 1-2, 2021 (d) Nepal Disaster Risk Reduction portal incident count by district
- July 1-2, 2021

Figure 7. Nepali case study - July 1-2, 2021

COMPARISON WITH ALTERNATIVE SOURCES

UNOSAT Rapid Mapping Service24 provides satellite image analysis during humanitarian emergencies, both natural
disasters, and conflict situations. With a 24/7 year-round availability to process requests, a team of experienced
analysts ensures timely delivery of satellite imagery-derived maps, reports, and data ready for direct inclusion in
Geographic Information Systems (GIS) according to needs. The service can be activated by UN offices and agencies
Government agencies, the Red Cross and Red Crescent Movement (ICRC and IFRC), international and regional
organizations, and Humanitarian Non-Governmental Organizations (NGOs). As shown in Table 4, UNOSAT was
activated on September 28, 2021 for the flood event in Thailand and on June 30, 2021 for the flood in Nepal. The
activation data refers to the day when UNOSAT received the request to support the flood events. We were not able
to find any flood activation from Copernicus EMS25 in Thailand and Nepal respectively.

GDACS reported floods on September 27, 2021 for Thailand26, and on June 28, 2021 for Nepal27 both with a green
GDACS score28 of 0.5. The event on June 16, 2021 was not recorded in GDACS following floods reported on the
GDACS website29. We found the events reported by GloFAS using the GloFAS Map Viewer30 on September, 24 in
Thailand with a yellow and red score of Rapid Impact Assessment and on June 28, 2021 in Nepal with a orange
score of Rapid Impact Assessment. FloodList also reported news of flood in Thailand31 on September 27, 2021,
and in Nepal on July 4, 202132 and on June 16, 202133.

In the two scenarios, TriggerCit respectively returned a large scale and a local scale alert, both in a timely manner
and accompanied by a valid geographical description, while providing information complementary to existing
disaster alert mechanisms (e.g., images).

24https://www.unitar.org/maps/unosat-rapid-mapping-service
25https://emergency.copernicus.eu/mapping/#zoom=2&lat=27.6533&lon=-25.0083&layers=0BT00
26https://www.gdacs.org/report.aspx?eventtype=FL&eventid=1101113
27https://www.gdacs.org/report.aspx?eventid=1100949&episodeid=1&eventtype=FL
28https://www.gdacs.org/Knowledge/models_FL.aspx
29https://www.gdacs.org/flooddetection/currentfloods.aspx
30https://www.globalfloods.eu/glofas-forecasting/
31https://floodlist.com/asia/thailand-tropical-storm-dianmu-floods-september-2021
32https://floodlist.com/asia/nepal-floods-landslides-july-2021
33https://floodlist.com/asia/bhutan-and-nepal-flash-floods-leave-at-least-10-dead-many-missing
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Dates / Countries Thailand Nepal
UNOSAT activation 28/09/2021 30/06/2021

Copernicus EMS activation None None
GDACS Disaster Alerts 27/09/2021 (Green Alert) 28/06/2021 (Green Alert)

GloFAS 24/09/2021 28/06/2021
FloodList reported news 27/09/2021 04/07/2021

TriggerCit 26/09/2021 02/07/2021

Table 4. Timeline of alerts for the Thailand and Nepal activations

LIMITATIONS AND FUTURE WORK

Linguistic limitations while mining multi-lingual tweets are mentioned in most of the works discussed in the
state-of-the-art. The task is usually easier if the tweets are in English, given the quality of linguistic resources and the
number of posts available. The use of native languages for communication has always posed a significant challenge
to social media mining. In this paper, we propose a multi-language and extensible approach towards a solution to
this problem. Further work is needed to develop fast and reliable seed dictionaries for social media monitoring with
TriggerCit. For this purpose, several directions have to be investigated, leveraging on local resources, including
local administrations and NGOs, and citizens. They can provide information about the nature of repeating local
events, such as monsoons, and their consequences, to be mapped to keywords. Citizen scientists can also support
in the evaluation of extracted images with crowdsourcing, as it has been proposed in the Crowd4EMS project
(Ravi Shankar et al. 2019), as well as of the resulting keywords of the TriggerCit methodology (see Step 7). A
software library could then be used to automate the aggregation of annotations (e.g., Cerquides and Mülâyim 2022).

As discussed in the paper, Twitter has different usage rates in different countries. Alternatives to Twitter include
other social media like Facebook, Telegram, and WhatsApp. These are used to facilitate communication between
volunteers and emergency services, enable sharing of information within a community, providing swift updates on
emergency situations in real-time. However, even though such platforms contain a wealth of information, access to
data is usually restricted (e.g., for privacy concerns). On the other hand, systems like Facebook Disaster Maps
provide aggregated insights for crisis response and recovery and its use should be further investigated. In addition,
as some tweets contain URLs pointing to other contents, such as web pages (e.g., newspapers) or posts in other
social networks, these contents can also be crawled in order to obtain more information about the event. Moreover,
the information extracted from one social media could be leveraged to crawl other platforms iteratively, as in
Autelitano et al. 2019.

Further directions to be explored in order to enhance TriggerCit capabilities include:

• Training a supervised learning classifier for triggering
We are still in the phase of collecting high-quality time series data related to a representative number of flood
events. Once a large dataset is available, we plan to experiment with supervised learning approaches, in order
to automate the triggering decision and validate it against a variety of events (e.g., different scales and areas).
Such a classifier should also include contextual data about the event, information about flooded areas (such
as the ones automatically classified in Nemni et al. 2020), and about the readiness of the areas in terms of
preparation measures for recurring flood events.

• Automating dictionary management
Our system needs high-quality dictionaries for each language. Part of the future work will focus on
automatically deriving event-specific keywords, both in general and adapted to a particular event. This
automation would enhance the sensing phase, in which the system is monitoring social media for potential
triggers. On the other hand, online adaptation to a specific event could increase the recall of the process.

CONCLUDING REMARKS

The paper proposed a multilingual methodology to provide early flood alerts with associated images and locations.
The results in two case studies in Asia in 2021 show that the alert is consistent in the Thailand case and that a timely
evidence could have been provided for the Nepal floods. Based on this analysis, TriggerCit could be deployed at
UNOSAT into a cloud centralised service at CERN built on Kubeflow, a machine learning platform running on
Kubernetes, allowing the integration with automatic flood detection from satellite data.
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ABSTRACT 

The increasing use of social media as an information source brings further challenges - social media platforms 
can be an excellent medium for disseminating public awareness and critical information, that can be shared across 
large populations. However, misinformation in social media can have immense implications on public health, 
risking the effectiveness of health interventions as well as lives. This has been particularly true in the case of 
COVID-19 pandemic, with a range of misinformation, conspiracy theories and propaganda being spread across 
social channels. In our study, through a questionnaire survey, we set out to understand how members of the public 
interact with different sources when looking for information on COVID-19. We explored how participants react 
when they encounter information they believe to be misinformation. Through a set of three behaviour tasks, 
synthetic misinformation posts were provided to the participants who chose how they would react to them. In this 
work in progress study, we present initial findings and insights into our analysis of the data collected. We highlight 
what are the most common reactions to misinformation and also how these reactions are different based on the 
type of misinformation.  

Keywords 

Misinformation, social reactions, twitter, people, COVID-19. 

INTRODUCTION 

The spread of misinformation on social media is a global concern, as misinformation can influence users and their 
behaviour, and can lead to manipulation. The spread of misinformation can become particularly concerning during 
emergencies. A typical definition of “misinformation” is “a health-related claim of fact that is currently false due 
to a lack of scientific evidence,” (Chou et al., 2018, p. 1). This is distinct from “disinformation,” which is “the 

deliberate creation and sharing of false and/or manipulated information that is intended to deceive and mislead 
audiences, either for the purposes of causing harm, or for political, personal or financial gain” (House of Commons 

Digital, Culture, Media and Sport Committee, 2018 p. 2). On the other hand, “conspiracy theory is a proposed 

explanation of some historical event (or events) in terms of the important causal agency of a relatively small group 
of persons, the conspirators, acting in secret” (Brian, 1999). While various nuanced terminologies exist, in our 
study, we explore misinformation as a generic concept that involves the spread of incorrect information either 
deliberately or accidentally, through social media channels.  

Whilst there has been much research on detecting misinformation and fake news (e.g., Zhao et al. 2015; Hamidian 
and Diab 2015, 2016; Sicilia, Giudice, Pei, Pechenizkiy, & Soda, 2017; Ghenai & Mejova,2017; Zubiaga, Aker, 
Bontcheva, Liakata, & Procter, 2018; Michal Lukasik, Zubiaga, Bontcheva, & Cohn, 2016) there are fewer 
insights on how people react to misinformation and why misinformation is spread. Therefore, our study attempts 
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to understand how people interact with misinformation online and explores the different circumstances that might 
influence sharing misinformation during a specific health emergency, COVID-19, in the context of English-
speaking countries. We aim to answer the following research questions: 

RQ1 How do people react to information they believe to be misinformation on social media during health crises? 

RQ2 How would they react when they encounter different types of misinformation? 

To answer our research questions, we conducted a survey through a questionnaire and subsequently analysed the 
data using both statistical and thematic analysis. This in-progress paper did not report on all the gathered data; we 
only focused on three specific experiments of misinformation tweets to understand users' reactions. The paper is 
structured as follows:  The introduction section elaborates on issues around misinformation in social media. The 
Background discusses the relevant literature. The methodology section details how our questionnaire was 
designed, delivered and the analysis of the collected data. We then discuss our key findings and present 
Conclusions. 

BACKGROUND 

A growing body of literature has focused on rumours and conspiracy theories that spread on Twitter, in particular 
during health crises such as Ebola in 2014 and COVID-19. For example, Ahmed et al. (2020) performed a social 
network analysis on Twitter discussions related to 5G conspiracy theories that appeared during the COVID-19 
crisis. Jin et al. (2014) looked at rumours and conspiracy theories on Twitter in the context of Ebola, using network 
graph analysis to identify a large number of keywords and hashtags and then developed a dynamic query 
expansion model to classify tweets collected depending on these keywords and hashtags. Ahmed (2018) argued 
that the study would provide critical insight if the study had incorporated a more qualitative approach. 
Interestingly, it is argued that social media platforms' inappropriate content could be utilised by policymakers 
(Ahmed et al. , 2020). Moreover, Ahmed et al. (2020) posited that public health authorities could enlist influencers' 
assistance in spreading anti-narrative content. 

A few studies explored social media users' reactions to misinformation - Al-Zaman (2021) analysed Facebook 
users' comments on five different types of COVID-19 misinformation. The study found that (60.88%) of users 
accept the claims of misinformation, (16.15%) deny misinformation, and only a few users (13.30%) are doubtful 
about the claims of misinformation. Furthermore, Al-Zaman (2021) found that users can determinate, deny, and 
question political misinformation than other types of misinformation. However, this study has some limitations; 
for example, it is limited to the context of Bangladesh, only focuses on public comments to understand users' 
reactions and hadn’t considered the sociodemographic contexts of the users. Another study by Geeng et al. (2020) 
identified how social media users interact with misinformation. The study found users interact with 
misinformation in seven different manners: skipping misinformation, accepting misinformation content without 
thinking about it very much, being sceptical about misinformation, uncertain about misinformation's context, 
making other views, sharing or liking and misinterpreting misinformation. Ng and Loke (2020) explored how 
10,000 users of Telegram reacted to COVID-19 misinformation. Users' responses were categorised into four types: 
affirm, when the user accepted the misinformation; deny, when the users did not accept the misinformation; 
question, when the user has doubts; and unrelated, when it is not related (Ng and Loke, 2020, p. 4). The study 
found that (45%) of users deny or question misinformation, whereas only (11%) of users affirm the misinformation 
(Ng and Loke, 2020, p. 4). Tandoc et al. (2020) studied Singaporean social media users' response to 
misinformation using a mixed-method approach including survey and interview. The study found that most users 
ignore misinformation when they encounter it. The study also found that users correct misinformation if the post 
belongs to themselves or people they know (Tandoc et al., 2020, p. 12). However, this study has limitations since 
it is focused on Singapore only. 

Different reasons can influence people’s reactions to disinformation. For example, a study found that commenting 

on other people's posts can enhance relationships between the commenter and the recipient (Ellison et al., 2014). 
But on the other hand, commenting or correcting from a negative perspective might negatively impact 
relationships (Koutamanis et al., 2015).  

METHODOLOGY 

Research Design 

A questionnaire-based survey was designed to understand how social media users perceived misinformation. The 
questionnaire was delivered via Amazon Mechanical Turk (MTurk), targeted towards MTurk users from English 
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speaking countries1. Google Forms was used to create the questionnaire and collect participant responses. The 
survey was created as a microtask in the MTurk platform, with each participant being rewarded $2.04 in return 
for their contribution. On average, filling the form for all participants took 20 minutes. The payment for their 
participation was calculated in accordance with previous studies (Thorson, 2016; Cunningham, Godinho, & 
Kushnir, 2017). Data analysis was conducted via both quantitative statistical analysis and thematic analysis.   

The rationale for using MTurk 

The Amazon Mechanical Turk platform2 is one of the best-known marketplaces for online crowdsourcing. It is 
used to recruit participants to perform micro-tasks (referred to as Human Intelligence Tasks, HITs) in exchange 
for a small fee, known as a "reward" (Buhrmester et al., 2011). While many other crowdsourcing platforms are 
available, this study focuses on MTurk for questionnaire delivery because MTurk has quickly become a reliable 
social science research source (Bor et al., 2020; Roitero et al., 2020; Williams Kirkpatrick, 2021). MTurk 
facilitates the rapid recruitment of multiple participants (Paolacci et al., 2010), and offers the ability to define 
criteria for participation (e.g. offering the micro-task to participants from only English speaking countries, or 
participants who have high approval ratings).  

Participant Criteria 

The MTurk microtask was created to accept 1155 responses in order to garner at least 385 responses (allowing 
for some non-completions, poor quality inputs (e.g. “Ok”, “good” etc.)  and withdrawn consent), based on the 
target population of 360 million English speakers worldwide, a confidence level of 95%, and a 5% margin of error 
(Szmigiera, 2021). Our inclusion criteria for participants were as follows: 

a. English speaking population
b. Participants must be aged 18 years or over.
c. Number of HITs Approved must be greater than 1003.
d. HIT Approval Rate (%) for all Requesters' HITs must be greater than 90%4.

Questionnaire Design 

The questionnaire was organised into the following three sections: first, to gain a high level understanding of our 
participants; second, to understand how participants would react to misinformation; and finally to provide three 
scenarios of how participants would study (and react to) specific misinformation: 

Section 1: Demographics Questions - Understanding participants 

A set of three demographic questions on participant age (age group), level of education and employment status 
aimed at gathering a greater understanding of the participants. Additionally, two questions asked the participants 
which online information sources the participant relied on for general information and their preferred source for 
information or news on COVID-19.  

Section 2: Understanding generic reactions to misinformation 

The participants were provided with a set of possible (generic) reactions (e.g. report to social media platform, 
block the users, ignore the post etc.) if they were to encounter information on their preferred social media platform 
that they believe to be misinformation. An open ended option was also provided to capture any reaction that had 
not been envisaged by the researchers. Participants were asked open-ended questions with a series of different 
scenarios on how they’d react if the misinformation was shared by a friend, their line manager/supervisor, or a 

trusted source.  

Section 3: Scenario-based Behavioural Tasks 

A set of three synthetic Tweets (based on real Tweets) were provided to the participants that include 
misinformation. The respondents had three minutes to investigate (by researching the topic) these posts and were 
asked to first, agree/disagree with the fact shared on Twitter. They were then invited to outline the sources upon 
which they relied to reach their decision. A further question was designed to understand how participants might 
react to the Tweet with a set of common reactions (and an open ended ‘other’ category to capture any reaction 

that is not listed). Finally, participants were also requested to share their experiences of encountering 

1 Our MTurk survey was open to participants from the following countries (based on English being the primary 
language in these countries: Antigua and Barbuda, Australia, The Bahamas, Barbados, Belize, Canada, Dominica, 
Grenada, Guyana, Ireland, Jamaica, Malta, New Zealand, St Lucia, St Vincent and the Grenadines, Trinidad and 
Tobago, United Kingdom and United States of America 
2 www.MTurk.com 
3 A high number of HITs approved (100) indicates that the participant has a considerable experience and validation 
of their work quality by HIT requesters 
4 A high approval rate indicates that the participant will have high quality contributions to the platform consistently 
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misinformation on social media. 

Figure 1 presents the three posts (Tweets) that were synthetically created in order to elicit participant reactions if 
they were to encounter them on their preferred social media platforms. Options provided to select their reactions 
were the same as Section 2 to allow for comparison across the sections. The topics of misinformation were chosen 
to highlight contemporary COVID-19 misinformation topics at the time of designing the questionnaires. Although 
other misinformation topics were popular (e.g. the link between COVID-19 and 5G), we limited our study to the 
following three topics- vaccines, COVID-19 origin and COVID-19 variants. This was owing to the importance, 
relevance and recency of the topics. For example, at the time, vaccine hesitancy was a concern for global health 
and as a result, a much-discussed topic in the media. The origin of the COVID-19 virus was a continued topic of 
misinformation, generating many conspiracy theories (including the one selected). Concerns around variants were 
also a controversial topic, generating several theories, which made it an interesting topic to explore. 

Figure 1. Behavioural Tasks to understand how participants would react to a simulated Tweet sharing 
misinformation. User names and Twitter reactions are fictitious, while the tweet text and media were influenced 
by real Tweets. 

Data collection & Preparation 

The total number of responses for the questionnaire were 1,573, of which 1014 were accepted after discounting 
poorer quality responses and withdrawn consents. Responses were exported from MTurk into a local spreadsheet, 
after which the data was cleaned by removing invalid responses, such as invalid characters and off-topic 
responses. 
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Statistical analysis of the data was carried out via IBM SPSS. The analysis of the data resulted in frequency 
distributions of the categorical variables in the questionnaire that address the research questions (RQ1 and RQ2). 
While the survey collected a large volume of information, in this work-in-progress study, we focus our discussions 
and analysis predominantly on the scenario-based behavioural tasks (Section 3), with some brief overall analysis 
of the participants (Section 1) and their reactions to misinformation (Section 2).  

DATA ANALYSIS AND DISCUSSION 

Demographics of participants (Section 1) 

The majority participants were in the 25-34 age range (n = 386; 38.1%), 35-44 (n = 287; 28.3%) and 45-54 (n = 
147 ; 14.5%), with a few in other age groups 18-24 (n = 48; 4.7%), 55-64 (n = 89; 8.8%), 65-74 (n = 48; 4.7%), 
(n = 4; 0.4%). 5 participants preferred not to answer (n = 5; 0.5%). 

A majority of participants have bachelor's degrees (n = 479; 47.2%), Master's degree (n = 177; 17.5%), 
associate's degree (n = 154; 15.2%), and secondary School (n = 149; 0.8%). A few participants (5) do not have 
a formal education (n = 5; 0.5%), some university/some college (n = 8; 0.8%), professional degree (n = 25; 
2.5%), doctorate degree (n = 10; 1.0%), and some participants preferred not to answer (n = 7 ; 0.7%). 

Most participants are employed (n = 767; 75.6%) or freelancing (n = 99; 9.8%), while a few participants are 
retired (n = 40; 3.9%), unable to work (n = 19; 1.9%) or out of work (n = 63; 6.2%). A few students (n = 18; 
1.8%) also participated in the survey, while some participants preferred not to answer (n = 8; 0.8%). 

A large majority (n = 963; 95%) of the participants are located in the United States of America. The remaining 
5% constituted participants from United Kingdom (n = 21; 2.1%), Canada (n = 21; 2.1%), Australia (n = 2; 0.2%), 
Saint Vincent and the Grenadines (n = 1; 0.1%), Ireland (n = 1; 0.1%), Georgia (n = 2; 0.2%), Colombia (n = 1; 
0.1%), India (n = 1; 0.1%) and Argentina (n = 1; 0.1%).  We noticed that some (5) participants were not from 
English-speaking countries (e.g., Georgia, Colombia, India, and Argentina) - we assume these participants 
connected to MTurk via a virtual private network (VPN). 

Generic Reactions to Misinformation (Section 2) 

45.95% of participants felt uncomfortable (somewhat uncomfortable and extremely uncomfortable), while 
39.25% felt comfortable (somewhat uncomfortable and extremely comfortable) in relying on social media for 
COVID-19 news. As we observe from Figure 2, among the participants who mentioned they are extremely 
uncomfortable in relying on social media, 42.71% often (and 36.98% sometimes) come across misinformation 
on social media. On the other hand, interestingly, among the participants who mentioned they are extremely 
comfortable (9.17%) in relying on social media, 27.17% (and 30.43% often) always come across misinformation. 
This is interesting - despite coming across misinformation regularly, the participants are extremely comfortable 
relying on social media. We believe that many of these participants believe that they can filter out misinformation 
despite regularly coming across it. 

Level of comfort 
in relying on 
Social Media 
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Figure 2:  The first bar chart shows a general distribution of participants’ level of comfort in relying on 

social media. Following, a bar charts of how often participants come across misinformation on their 
social media platform, grouped by their level of comfort in relying on social media for COVID-19 news. 
Please note: the (blanks) next to "Never" option was introduced as noise, which will be removed in future 
processing. 

Figure 3: Word cloud analysis of open ended questions on the preferred information sources of the 
participants (A) and what aspects do they feel make a piece of information trustworthy and credible (B) 

B. What makes a piece of
information trustworthy and 
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A. What are the top 5 information
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information on COVID-19 

Extremely Comfortable Somewhat Comfortable 

Neither Uncomfortable or Comfortable 
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The participants were asked for their top 5 information sources that they rely on for information on COVID-19. 
The Figure 3(A) shows a word cloud of all of their responses. We note a large number of participants rely on 
news websites such as CNN, BBC, New York Times, NBC, CBS, ABC. Participants also rely on health websites 
and search engines like Google, and Yahoo. Social media platforms such as Facebook, Twitter, Youtube, and 
Reddit were also noted to be popular among participants.  
One of the questions posed to participants was what makes a piece of information trustworthy and credible. Figure 
3(B) shows a word cloud of all the responses. Among the concepts identified, participants mention the credibility 
of sources as an important factor. Other factors mentioned were reputation of the source, supporting evidence, 
information backed by facts or recognised sources such as research organisations and governments. While we 
will explore these responses in greater depth in the future, we highlight our broad findings as a part of our in-
progress work.  

Scenario-based Behavioural tasks(Section 3) 

Behavioural Task 1 

Figure 4 shows a pie chart on the top presenting a distribution of the level of agreement that the participants have 
with Behavioural Task 1 (that COVID-19 will be a yearly vaccine). Overall, 435 (42.9%) of participants agreed 
with this statement, and 373 (36.79%) participants disagreed with this statement, while 206 (20.32%) found it 
difficult to disagree/agree. We find this an interesting observation - the majority of our participants agreed with 
this misinformation. It is important to note that the reason why this statement is misinformation was, at the time 
there were discussions around regular COVID-19 vaccines being made available. However, this was not a 
statement that was confirmed by WHO. The lack of sources for such information is a further factor in this example, 
as highlighted by one of the participants: “The user should cite a source, but also not make a vague blanket 

statement with no regard to age. It's also not clear if this is the case yet, and only mentioning one vaccine is 
suspicious when Moderna, etc. would be the same requirement, if it were true.” We discuss this further in our 

later sections.  
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Figure 4, Top- The pie chart presents to what extent respondents agree with the post (Behavioural Task1); 
Bottom- The Bar chart shows respondents' reactions to encountering the misinformation (Behavioural 
Task1). 

Figure 4 (bottom) shows a bar chart presenting how the participants would react if they happened to encounter 
this information on social media. As can be observed, a majority of participants would ignore the post (n=481; 
29.69%), ask the author of the post for the information source (n = 235; 14.51%), engage in discussion with the 
author of the post (n = 204; 12.59%) or share the post and add their own view  (n = 104; 10.93%).  

Figure 5: Bar charts presenting how the participants would react to Behavioural Task 1 (the Pfizer vaccine being 
a yearly vaccine). Distribution of behaviours for respondents who selected: A- “I definitely agree” or 

“somewhat agree”; B- “definitely disagree” or  "I somewhat disagree”; C- “Difficult to say” 

The bar chart in Figure 5 presents how the participants reacted to Behavioural Task 1, grouped by their level of 
agreement or hesitation. Overall, we observe that most people would ignore the post. Among the participants who 
agree with the misinformation, a considerable number would share the post and add their views, while a few 
would ask for the information source. Among participants who disagree with the post, several would ask for the 
information source, while a few participants would engage in discussion. For participants who would find it 
difficult to say, a majority would ask for the information source, while a few would engage in discussion.  

Respondents seem to be more likely to ignore the post when they are hesitant or even disagree with the post and 
would consequently choose to ask the author for the source of the information. Our analysis also indicates that 
participants who agree with the post would share the post and add their own view, in comparison to those who 
hesitate or disagree with the post. Some respondents provided other reactions that they would likely have toward 
this post. Some of these responses were on researching the topic themselves, commenting with additional 
information or requesting the user to take down their post.  

Behavioural Task 2 

Figure 6 presents a distribution of the participants’ level of agreement to Behavioural Task 2 (origin of COVID-
19 as a lab accident). Overall, 486 (47.92%) participants disagreed with the statement, 246 (24.26%) participants 
agreed, while 282 (27.81%) participants were hesitant in agreeing/disagreeing. This task related to initial news 
about the origins of COVID-19 linked to bats, and that the virus was accidentally released from a lab. However, 
the reason this is misinformation is that at the time of writing, the origin of the virus was not confirmed. At the 
time, much discussion was around how the pandemic could be stopped, with less official investigations on the 
origin. One of the respondents mentioned: “It's possible someone knows where it originated and how, but those 
people aren't the ones posting it on social media. It also doesn't really matter how it originated to laymen all that 
matters is trying to stop it.”. 
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Figure 6. Top- A simple pie chart presents to what extent respondents agree with the post (Behavioural 
Task 2); Bottom- A simple Bar shows respondents' reactions to encountering the misinformation 
(Behavioural Task 2). 

Figure 6 shows a bar chart on the right presenting how the participants would react if they were to encounter the 
information contained in Behavioural Task 2 in their social media channels. As can be observed (and similar to 
Task 1), a majority of participants would ignore the post (n = 452; 26.81%), ask the author of the post for the 
information source (n =251;14.89%) and/or engage in discussion with the author of the post (n = 181; 10.74%). 
Interestingly, some respondents explained why they would ignore the misinformation tweet: for example, one of 
the respondents mentioned “doing anything would just warrant further aggravation". 

A. Agree B. Disagree C. Difficult to say
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Figure 7: Bar charts presenting how the participants would react to Behavioural Task 2 (the origin of COVID-
19 as a lab accident). Distribution of behaviours for respondents who selected: A- “I definitely agree” or 

“somewhat agree”; B- “definitely disagree” or  "I somewhat disagree”; C- “Difficult to say” 

The bar chart in Figure 7 shows participants’ reactions to Behavioural Task 2.  Overall, among participants who 

disagree or hesitate with this misinformation, most would ignore it. However, for participants who agree, a 
majority would ask for information sources, while others would ignore or share the post with their own views. A 
few other participants who agree with the post would also engage in a discussion with the author. Interestingly, 
some participants who agree with the post would tag an expert or share the post on other platforms. Further 
analysing this, we note that respondents who are hesitant are less likely to report the post in comparison to those 
who agree or disagree with this. Participants who disagree would report the post or ask for information sources.  

Some respondents provided other reactions that they would likely have toward this post. Some of these responses 
were on commenting to the post with reputable sources, unfollowing the user, questioning the user on their 
motivations for sharing misinformation, or discussing the post with their friends. 

Behavioural Task 3 

Figure 8 shows how participants reacted to Behavioural Task 3 (COVID-19 variants are planned). Overall, 704 
(79.43%) participants disagreed with the statement, 176 (17.36%) participants agreed, while 134 (13.21%) 
participants were hesitant in agreeing/disagreeing. 

Figure 8. Top- A simple pie chart presents to what extent respondents agree with the post (Behavioural Task 3) 
; Bottom- A simple Bar shows respondents' reactions to encountering the misinformation (Behavioural Task 3) 

Figure 8 shows how the participants would react if they were to encounter the information in Task 3 while using 
their social media platform. As can be observed, a majority of participants would ignore the post (n = 363; 17,68 
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%), report the post to the social media platform (n = 302; 15.89%), ask the author of the post for the information 
source (n = 245;12.89%) and/or block the user who shared the post (n = 240; 12.63%). 

Figure 9: Bar charts presenting how the participants would react to Behavioural Task 2 (the origin of COVID-
19 as a lab accident). Distribution of behaviours for respondents who selected: A- “I definitely agree” or 

“somewhat agree”; B- “definitely disagree” or  "I somewhat disagree”; C- “Difficult to say” 

Figure 9 shows how participants reacted to Behavioural Task 3.  We note that among most participants who agree 
with the sentence, a majority would share the post and add their own views. Participants would also ask for the 
information source, while several would tag an expert or friend. Among the participants who would disagree with 
the statement, most would report the post, ignore it or block the user who posted the information. Among 
participants who were hesitant, a majority would ignore the post, ask for the information source or engage in 
discussion.  

Some respondents provided other reactions that they would likely have toward this post. Some of these responses 
were on further researching the topic themselves, questioning why the user would share this information, or block 
the user.  

DISCUSSIONS 

We used the result from the three Behavioural Tasks 1, 2 and 3 to answer our research questions. In answering 
the RQ1, we observed that most respondents who choose to agree with the posts reacted with the following, 
respectively: (1) Share the post and add their view; (2) tag an expert or friend to make them aware of the post; (3) 
ask the author of the post for the information source; (4) share the post via other social media platforms. 
Interestingly, respondents who agreed with posts 1, 2 and 3 had similar reactions since they were willing to share 
the post and add their views. While it is difficult to assess why they would choose to share the posts and add their 
views, tag experts, or ask for an information source, we believe this could be because the participants would like 
further evidence or support to these statements while engaging in discussions. 

We also observed that most respondents who disagree with the misinformation posts react with the following 
reactions, respectively: (1) Ignore the post; (2) ask the author for the information source; (3) block the user who 
shared the misinformation post; (4) report the post to the social media platform; (5) provide their comments and 
give the source that supports them; (6) interact with the author of the post to remove the post; (7) interact with the 
author of the post to question the person who posted it; (8) share it with their friends if it is outrageous and bizarre. 
Some of these observations are also reported in previous research. For example, Geeng et al, (2020) note that 
users making other views share misinformation (observation 8, 5). Studies such as Tandoc et al., 2020, p.12 also 
note how users correct misinformation if the post is created by themselves or by people they know (observation 
8). Users also are likely to inquire about the misinformation should they encounter it (observation 2,5,6,7). For 
example, Geeng et al. (2020) found users interact with misinformation in seven different manners which, include 
making other views, sharing or liking and misinterpreting misinformation. Another study found that 45% of users 
question misinformation when they have doubts (Ng and Loke, 2020, p. 4).  
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However, we believe it is difficult to generalise these behaviours as we noted a different set of behaviour based 
on how obvious a piece of misinformation is. As such, we contextualise our findings on the basis of the three 
tasks, answering the RQ2. Interestingly, respondents who disagreed with the misinformation posts 1 and 2 had 
similar reactions since they ignored when they experienced the misinformation posts 1 and 2. This is a finding 
that is also evidenced in the literature - most users ignore misinformation when they encounter it (Geeng et al., 
2020; Tandoc et al., 2020, p. 12). Respondents also had identical responses since they were willing to block users 
who shared the misinformation post when they encountered misinformation posts 2 and 3. Respondents also had 
similar reactions since they were willing to report the misinformation post to the social media platform when they 
experienced the misinformation tasks 2 and 3. Our findings are aligned slightly with Al-Zaman ( 2021), who found 
users can identify, deny, and doubt political misinformation than other misinformation. Therefore, we noted that 
misinformation posts 2 and 3 have a slightly political side than misinformation post 1.  As result, we noted that 
misinformation posts 2 and 3 have the most disagree rate respectively (29.68%, 59.27%) in comparison to the 
misinformation post 1(19.63%). 

Task Agreed Hesitant Disagreed 

Task 1 - Pfizer Vaccine 
to be a yearly vaccine 

435 (42.9%) 206 (20.32%) 373 (36.79%) 

Task 2 - Covid origin 
from unsuccessful 
experiment in a lab 

246 (24.26%) 282 (27.81%) 486 (47.92%) 

Task 3 - Covid and 
Subsequent variants are 
planned  

176 (17.36%) 134 (13.21%) 704 (79.43%) 

Table 1: Participant levels of agreement for the three tasks. While most participants disagreed with the 
misinformation in Task 2 and 3, a majority agreed with the post for Task 1.  

The choice of the three tasks (misinformation) also provided us with some insight on how participants assessed 
their levels of agreement - for example, more participants agreed to the misinformation shared in task 1, while 
most participants disagreed with the posts in Tasks 2 and 3. The misinformation aspect of task 1 was primarily 
the ‘confirmed by WHO’ component, which, we believe, was either missed by the participants or assumed to be 

true. At the time of the survey, much of the discussion in the media was around the possibility of COVID-19 
vaccines becoming a yearly vaccination. Tasks 2 and 3 had more obvious misinformation, which led to more 
participants disagreeing with them.  

This research helps develop a broader understanding of the overarching topic of reactions towards misinformation. 
Therefore, this research contributes to future studies that focus on developing models for misinformation detection 
in social media. 

CONCLUSION  

In conclusion, our preliminary study explored the different ways people react when they encounter health-related 
misinformation. The findings reveal that respondents have different reactions when they agree, hesitate, and 
disagree. Respondents generally encounter misinformation by ignoring, requesting sources, blocking, reporting 
to the social media platforms, commenting with evidence sources, requesting the author to remove the post, and 
sharing with their friends if it is questionable. There are fewer insights on how people react to misinformation and 
why misinformation is spread. This study is limited to the context of English speaking countries since the majority 
of participants are from the US (95%). Furthermore, this study is limited in participant demographics since most 
participants are MTurk workers who work on many tasks daily, and might be more familiar than the average 
person with online information. Although this is a work-in-progress paper, future work will look at correlations 
between participant reactions and their preferred information sources, as well as understand how this varies across 
the different tasks. 
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ABSTRACT

This paper aims at measuring transfer learning performances across different types of crises related to sudden or
unexpected events (like earthquakes, terror attacks, explosions, technological incidents) that cannot be foreseen by
emergency services and on the occurrence of which they have virtually no control. Although sudden crises are
present in most existing crisis datasets, as far as we are aware, no one studied their impact on classifiers performances
when evaluated in an out-of-type scenario in which models are tested on a particular type of crisis unseen during
training. Our contribution is threefold: (1) A new dataset of about 3,800 French tweets related to four sudden
events that occurred in France annotated for both relatedness (i.e., useful vs. not useful for emergency responders)
and urgency (i.e., not useful vs. urgent vs. not urgent), (2) A set of monotask and multitask zero-shot learning
experiments to transfer knowledge across events and types, and finally, (3) Experiments involving few-shot learning
to measure the amount of sudden events instances needed during training to guarantee good performances. When
compared to a cross-event setting, our preliminary results are encouraging and show that transfer from predictable
ecological crisis to sudden events is feasible and constitutes a first step towards real-time crisis management systems
from social media content.

Keywords

Sudden crises, Transfer learning, Few-shot learning, Zero-shot learning, Social media content.

MOTIVATIONS

Recently, Twitter has been widely used to generate valuable information in crisis situations, showing that traditional
means of communication between population and rescue departments (e.g., phone calls) are clearly suboptimal
(Vieweg et al. 2014; Olteanu et al. 2015). For example, more than 20 million tweets were posted during the
superstorm Sandy in 2012 (Castillo 2016) and the hashtag #NotreDame created during the Notre Dame de Paris fire

∗corresponding author
†corresponding author

701 

WiP Paper – Social Media for Crisis Management
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022

mailto:nils.bourgon@irit.fr
mailto:farah.benamara@irit.fr
mailto:alda.mari@ens.fr
mailto:veronique.moriceau@irit.fr
mailto:gaetan.chevalier@interieur.gouv.fr
mailto:laurent.leygue@interieur.gouv.frr


Nils Bourgon et al. Are Sudden Crises Making me Collapse?

has been the most used in Twitter in 2019.1 This information is however not fully accessible because it is not always
transmitted to the emergency units. An automatic processing of the on-the-spot citizen-witness communication is a
need that we aim to fulfill in this study.

The literature on NLP-based crisis management has been growing fast in the recent years (see (Castillo 2016; Imran,
Castillo, et al. 2018) for an overview) and several datasets (mainly composed of tweets) have been proposed in
order to account for crisis related phenomena.2 Messages are annotated according to relevant categories deemed
to fit the information needs of various stakeholders like humanitarian organizations, local police and firefighters.
Well known dimensions include relatedness (also known as usefulness or informativeness) to identify whether the
message content is useful (Jensen 2012), situation awareness (also known as urgency, criticality or priority) to
filter out on-topic relevant (e.g., immediate post-impact help) vs. on-topic irrelevant information (e.g. supports
and solicitations for donations) (Imran, Elbassuoni, et al. 2013; McCreadie et al. 2019; Sarioglu et al. 2020), and
eyewitnesses types to identify direct and indirect eyewitnesses (Zahra et al. 2020). These datasets have been used to
train classifiers in a supervised way employing either traditional feature-based learning algorithms (Imran, Mitra,
et al. 2016; Li et al. 2018; Kaufhold et al. 2020) or deep learning architectures relying on static or contextual
embeddings as input (Caragea et al. 2016; Kersten et al. 2019; Liu et al. 2021; Kozlowski et al. 2020; Neppalli et al.
2018; Chowdhury et al. 2020). Due to the extremely imbalanced nature of crisis datasets where out-of-topic tweets
are a majority and to better evaluate the classifiers performance in real scenarios (unseen events lack annotated
data), three experimental settings were proposed:

• On-event: Training and testing data come from the same event, e.g., Nepal earthquake. This is the easiest
setting but lacks practical relevance (Wiegmann et al. 2020).

• Out-of-event, also known as Cross-event: Training on one or several events from various types (e.g., flood,
earthquakes and hurricanes) and testing on unseen events of the same type for which no manually annotated
data is available at the moment of training (e.g., flood). For example, train on hurricane Sandy and test on
hurricane Irma.

• Out-of-type: Training on a pool of events related to different types of crises and testing on a particular unseen
type, e.g. train on floods and test on hurricanes or earthquakes.

Lots of attention has been devoted to the on-event setting (Caragea et al. 2016; Gata et al. 2019; Nguyen et al.
2017; Sarioglu et al. 2020). For example, Caragea et al. focused on flooding events and used CNN to classify
tweets according to their informativeness (Caragea et al. 2016) while Spiliopoulou et al. proposed an adversarial
classifier to remove bias for real-time disaster events observing that mixing data from events of different types
(e.g., violent mass attacks and floods) confuses the model (Spiliopoulou et al. 2020). However, measuring models
transferability across events and types has been less explored. Nguyen et al. trained relatedness binary classifiers
both on the event and out-of-event data, the former outperformed the latter (Nguyen et al. 2017). Wiegmann et al.
compared the effectiveness of three deep learning models (CNN, BERT and USE) for relatedness classification
in both cross-event and out-of-type settings (Wiegmann et al. 2020). Kozlowski et al. trained a transformer on
ecological crises and tested it on a completely different type of event (building collapse) observing a decrease in
the macro F-score (Kozlowski et al. 2020). Kersten et al. proposed an in-depth analysis of the performance and
transferability of global versus local models when considering floods and hurricanes (Kersten et al. 2019). Finally,
Algiriyage et al. investigated relatedness classification in on-event, cross-event and out-of-type settings focusing on
nine event types. For the three settings, a Bi-LSTM model with Word2Vec features was the best performing one
(Algiriyage et al. 2021).

This paper continues this line of research and aims at measuring transfer learning performances across different types
of crises while dealing with sudden or unexpected events. Compared to ecological crises like hurricanes and floods,
sudden events (like earthquakes, terror attacks, explosions, technological incidents) are difficult to predict (Björck
2016). These events, over which organizations have virtually no control, influence social behavior and the ways the
emergency services are organized (James and Wooten 2005; Coombs 2014; Quarantelli et al. 2017). Automatically
identifying urgent messages in such crises can therefore be a valuable tool that may potentially reduce their negative
consequences. Although sudden crises are present in most existing crisis datasets, few studies consider them in
transfer learning settings. Among them, Wang et al. use a seq2seq transformers on two benchmark datasets and
evaluate cross-domain adaptation (where the train and test sets do not intersect) (Wang et al. 2021) while Hongmin
et al. combine self-training with CNN and BERT models to improve the performance of tweet classifiers for a target

1https://blog.twitter.com/en_us/topics/insights/2019/ThisHappened-in-2019
2See https://crisisnlp.qcri.org/ for an overview.
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disaster, where labeled data is assumed to be unavailable (Hongmin et al. 2021). We want here to go further by
newly: (1) Investigate urgency classification going beyond state of the art relatedness binary classification when
evaluated in an out-of-type scenario and (2) Measure the amount of data needed to achieve acceptable performances
when evaluated in a few-shot learning configuration. When compared to a cross-event setting, our preliminary
results are encouraging showing that transfer from ecological and predictable crisis to sudden events is feasible
which constitutes a first step towards real-time crisis management systems. Our contributions are as follows:

• A new dataset of about 3,800 French tweets related to four sudden events that occurred in France annotated
for both relatedness (i.e., useful vs. not useful for emergency responders) and urgency (i.e., not useful vs.
urgent vs. not urgent).

• A set of monotask and multitask zero-shot learning experiments to transfer knowledge across events and types
while addressing the particular nature of sudden events. To our knowledge, no one explored out-of-event and
cross-event detection for both relatedness and urgency while dealing with class imbalance.

• Development of few-shot learning experiments to measure the amount of sudden events training instances
needed to guarantee good performances.

This paper is organized as follows. Section 2 presents our dataset. Section 3 and Section 4 detail, respectively,
the zero-shot and few-shot learning experiments as well as the results. Section 5 concludes with a discussion
highlighting the main findings of this study.

DATASET

Since our focus is on crises that occur in metropolitan France and its overseas departments, we rely on the only
available corpus of French tweets by Kozlowski et al. 20203 composed of 12,826 tweets collected using dedicated
keywords about ecological crises that occurred in France from 2016 to 2019 and posted 24h before, during (48h) and
72h after the crisis: 2 floods that occurred in Aude and Corsica regions, 8 storms (Béryl, Berguitta, Fionn, Eleanor,
Bruno, Egon, Ulrika, Susanna), 2 hurricanes (Irma and Harvey), and 1 sudden crisis (Marseille building collapse).

In this dataset, each tweet is annotated according to an urgency classification composed of three categories: Urgent
that applies to messages mentioning human/infrastructure damages as well as security instructions to limit these
damages during crisis events, Not urgent that groups support messages to the victims, critics or any other messages
that do not have an immediate impact on actionability but contribute to raise situational awareness, and finally Not
useful for messages that are not related to the targeted crisis or information pertaining to events occurring outside
the French territories. Among theses three categories, Urgent and Not Urgent messages are considered as useful
messages for emergency units.

The collection is extremely imbalanced with 1,442 (11.24%) useful but Not urgent messages, 2,147 (16.74%)
Urgent and 9,237 (72.02%) Not useful, which is in line with the proportions reported in other crisis corpora.
This dataset has been newly augmented with tweets about four sudden crises posted from the onset of the crisis to
48h after using dedicated keywords possibly coupled with geotag information when available to target tweets posted
in the crisis area (please note that geographical information was not used to collect the original dataset): 534 for gas
explosion at Sanary-sur-Mer, 1,358 Lubrizol Rouen Plant fire, 520 Notre-Dame de Paris fire and 1,384 concerning
the Trèbes supermarket terror attack. The inter-annotator agreements being relatively good in the original dataset
(Cohen’s Kappa=0.722 for relatedness and 0.658 for urgency (see (Kozlowski et al. 2020)), we decided to annotate
the augmented dataset following the same annotation guidelines. Four annotators were asked to label the tweets
which results in the distribution shown in Table 1.

We observe that ecological crises share a similar distribution across urgency categories. Indeed the flood crises have
similar proportions of not urgent and urgent messages. On the other hand, hurricanes do not follow this pattern.
This can be explained by the differences in the impact of these two events in France, which have also affected
other countries. In fact, it is not surprising to see more messages of support for France during Irma (and at the
same time more informative messages in general), because it had a great impact on France (and specifically on the
Saint-Martin and Saint-Barthélemy islands), while Harvey, which was first planned in the French Antilles, had in
the end a bigger impact notably on Texas. The eight events in the storms subset contain fewer useful messages
overall than other types of crises, fewer not urgent messages, and particularly fewer support messages compared to
other crises. Compared to ecological crisis, the Marseille building collapse has a significantly different distribution
from the rest of the corpus. Overall, it contains few informative messages but they are evenly distributed. This

3https://github.com/DiegoKoz/french_ecological_crisis
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Table 1. Dataset statistics.

Ecological Building Gas Plant Notre Dame Terrorist Total
crises collapse explosion fire fire attack

Urgent 1,153 44 363 583 225 398 2,766
Not Urgent 2,343 49 165 637 209 812 4,215
Not Useful 8,610 627 6 138 86 174 9,641

Total 12,106 720 534 1,358 520 1,384 16,622

crisis has many fewer messages of Warning-advice, and this is explained by the fact that it was a sudden event.
Hence the media was unable to provide warnings in advance of its arrival.

Compared to ecological crises, the proportions of not useful messages in the augmented sudden crises dataset
are low with 1.12%, 10.16%, 16.54% and 12.57% for gas explosion, plant fire, Notre Dame and terrorist attack
respectively. On the other hand, urgent messages are a majority for all the crises except the terrorist attack where
around 29% of the messages are urgent. These frequencies are however different from the ones observed in the
Marseille building collapse where only 6.11% and 6.81% tweets have been annotated as urgent and not urgent
respectively. This can be explained by the way this dataset has been collected. Indeed, the use of the "Marseille"
keyword to retrieve tweets posted 24h before, 48h during and 72 after the collapse has biased the collection towards
the non useful class, as this keyword also refers to a famous football club (Olympique de Marseille) and rap music
groups from that city.

ZERO-SHOT LEARNING ACROSS EVENTS AND TYPES

Experimental Settings

Given a tweet, our aim is to develop binary (useful vs. not useful) and three-class (urgent vs. not urgent vs. not
useful) deep learning models to deal respectively with relatedness and urgency classifications while measuring
models ability to generalize over new unseen sudden events. We experiment with several deep learning models,
in particular: CNN with FastText static French embeddings following (Nguyen et al. 2017) and transformer
architectures relying on several multilingual (Bert (Devlin et al. 2019)) and French contextualized pre-trained
embeddings (FlauBERT (Le et al. 2020) and CamemBERT (Martin et al. 2019)). We only report here the models
having the best results.

– FlauBERTtuned. It uses the FlauBERT base cased model. We run the HuggingFace’s PyTorch implementation
of FlauBERT for four epochs and a learning rate of 2𝑒 − 5. For better convergence, we use the linear decreasing
learning rate during optimization. To avoid exploding gradients, we use a gradient clipping of 1.0. We further
fine-tuned FlauBERTbase language models initially trained on a general domain by using 358,834 unlabeled tweets
of the dataset. The adaptation consists of training the language models with a masked language model head then
use the shifted weights to perform the classification. This process is similar to the initial BERT training. To handle
class imbalance, we use either the focal loss (Lin et al. 2017) or the weighted cross entropy loss. Our aim here is to
compare with one of the most effective approach for handling imbalanced data (Cui et al. 2019).

– ML-FlauBERTtuned. This is a multitask learning version of FlauBERTtuned that simultaneously learns relatedness
(binary) and urgency (three classes). The classifiers for both tasks share and update the same low layers of
FlauBERTtuned except the final task-specific classification layer.

Our dataset being a new extension of an already existing one, we split the data into three non overlapping sets: 𝐸𝑐𝑜
that groups all ecological crises, 𝐶𝑜𝑙𝑙 considers only the Marseille building collapse and 𝑆𝑢𝑑𝑑𝑒𝑛 for the newly
added sudden events. We finally add 𝑆𝑢𝑑𝑑𝑒𝑛𝑎𝑙𝑙 = 𝐶𝑜𝑙𝑙 ∪ 𝑆𝑢𝑑𝑑𝑒𝑛 to group sudden crises all together. Since the
number of instances in each event in the original dataset is relatively small (720 for each storm and about 1,500
for some flooding events), we designed three cross-event and one out-ot-type experimental settings, each one
involving training and testing of FlauBERT models on different subsets of 𝐸𝑐𝑜, 𝐶𝑜𝑙𝑙 and 𝑆𝑢𝑑𝑑𝑒𝑛:

• Cross-event𝐸𝑐𝑜→𝐸𝑐𝑜: Train on 80% of 𝐸𝑐𝑜 and test on the remaining 20% following a random split. This
setting can be considered as the most ideal situation where the test is composed of events of the same type
(ecological crisis).
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• Cross-event𝐸𝑐𝑜+𝐶𝑜𝑙𝑙→𝐸𝑐𝑜+𝐶𝑜𝑙𝑙: Train on 80% of 𝐸𝑐𝑜 + 𝐶𝑜𝑙𝑙 and test on the remaining 20% following a
random split. This setting aims to measure the impact of a sudden crisis that has the same distribution of the
not useful class than the predictable crises on the overall performances when evaluated on the initial dataset.

• Cross-event𝐸𝑐𝑜+𝑐𝑜𝑙𝑙→𝑆𝑢𝑑𝑑𝑒𝑛: Train on 𝐸𝑐𝑜 + 𝐶𝑜𝑙𝑙 (77.16%) and test on 𝑆𝑢𝑑𝑑𝑒𝑛 (22.84%). This setting
makes use of the original data for training where only one event is a sudden crisis and the augmented one for
testing.

• Out-of-type𝐸𝑐𝑜→𝑆𝑢𝑑𝑑𝑒𝑛𝑎𝑙𝑙 : Train on 𝐸𝑐𝑜 (72.83%) and test on 𝑆𝑢𝑑𝑑𝑒𝑛𝑎𝑙𝑙 (27.17%).

The first three experiments use a training set composed of crises of different types while the last one is the zero-shot
configuration that considers sudden crises only for testing the models. Note that for all these four configurations,
the dataset has not been balanced, keeping the original imbalanced nature of the classes in both the train and test
sets. Prior to the experiments, a pre-processing step removed URLs and mentions from the tweets and replaced
numbers with a tag.

Results

Table 2 presents the results of our experiments on relatedness and urgency classifications in terms of precision (P),
recall (R) and macro-F1 (F), the latter measure treats all the classes equally which makes it the most suited for
measuring the performances of imbalanced classification problems. When testing with sudden events, the results
are low regarding our baseline which has been trained and tested only on ecological crisis: introducing new events
with a lexical field not present in the training dataset, may explain this decrease.

For all the settings and as expected, binary prediction (in terms of F-scores) outperform urgency classification.
Also, multitask models were not productive compared to their monotask counterpart, except for the Cross-
event𝐸𝑐𝑜+𝐶𝑜𝑙𝑙→𝑆𝑢𝑑𝑑𝑒𝑛 setting where the F-scores have been boosted for relatedness (0.474 for monotask vs. 0.488
for multitask).Incorporating 𝐶𝑜𝑙𝑙 in the training set degrades the results when testing on 𝑆𝑢𝑑𝑑𝑒𝑛 (e.g., 0.474 vs.
0.488 for relatedness in the monotask and multitask settings) while training only on 𝐸𝑐𝑜 and testing on 𝑆𝑢𝑑𝑑𝑒𝑛𝑎𝑙𝑙
was the most productive with an F-score=0.640 for binary and F-score=0.554 for three-class classification. Overall,
the results of out-of-type indicate that training on expected events is the most appropriate to classify sudden crises.

A closer look into the results obtained by FlauBERTtuned, our best model, per event in the out-of-type configuration
(see Table 3) indicates that the Not useful class achieves a good recall whereas Useful a good precision. Indeed,
concerning newly collected sudden events, the Useful class is rarely predicted since it is less frequent in the training
set (9.5%) than in the test set (45%). This suggests that the zero-shot learning approach allows to (1) filter out
irrelevant and off-topic messages and (2) detect useful messages (both urgent and not urgent) with a very high
proportion of true positives. This is a very important result in a use case where emergency services monitor social
media in order to better set priorities and decide appropriate rescue actions.

The detailed results per crisis in terms of macro F-scores (see Table 4) show that the building collapse obtained the
best results followed by the plant fire. The very good scores obtained for the collapse crisis can be explained by
(1) the similar distributions of the classes in the training and test sets (see Section 2), and (2) the good precision
for the Not Useful class compared to the other sudden events probably because non useful messages are much
more frequent for the building collapse (87%) due to the scrapping method we used to collect new sudden events.
Although this is closer to a real life scenario where useful tweets need to be found among a lot of data, training
our classifiers on this distribution leads to a bias towards the most represented class Not Useful resulting in
misclassification such as:

• Une prise d’otage serait en cours dans un hypermarché de #Trèbes près de #Carcassonne. L’homme aurait
d’abord agressé un groupe de CRS et blessé l’un d’entre eux par balle [...]
(An hostage taking is reportedly underway at a hypermarket in #Trèbes near #Carcassonne. The man is said
to have first assaulted a group of policemen and shot one of them [...]
Gold= Urgent, Predicted= Not Useful
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Table 2. Zero-shot and few-shot learning results for relatedness and urgency classifications. When present, 𝑓 means
that the corresponding setting has been trained with the focal loss, weighted entropy otherwise.

FlauBERTtuned ML-FlauBERTtuned
P R F P R F

Cross-event𝐸𝑐𝑜→𝐸𝑐𝑜
relatedness 0.840 0.862 0.849 0.841 0.859 0.849
urgency 0.768 0.799 0.782 0.754 0.787 0.769

Cross-event 𝑓

𝐸𝑐𝑜+𝐶𝑜𝑙𝑙→𝐸𝑐𝑜+𝐶𝑜𝑙𝑙

relatedness 0.847 0.862 0.854 0.843 0.857 0.850
urgency 0.769 0.773 0.770 0.759 0.779 0.768

Cross-event𝐸𝑐𝑜+𝐶𝑜𝑙𝑙→𝑆𝑢𝑑𝑑𝑒𝑛
relatedness 0.574 0.693 0.474 0.578 0.703 0.488
urgency 0.638 0.602 0.465 0.611 0.586 0.466

Out-of-type𝐸𝑐𝑜→𝑆𝑢𝑑𝑑𝑒𝑛𝑎𝑙𝑙

relatedness 0.676 0.749 0.640 0.665 0.729 0.607
urgency 0.679 0.625 0.554 0.668 0.608 0.549

Table 3. Detailed results per sudden event in the out-of-type configuration for relatedness and urgency classifications
obtained by the best model FlauBERTtuned. Best scores per class are in bold font.

Gas explosion Plant fire Notre Dame Attack Collapse
P R P R P R P R P R

Relatedness Useful 0.997 0.695 0.967 0.634 0.978 0.313 0.972 0.431 0.652 0.645
Not useful 0.03 0.833 0.2 0.812 0.218 0.965 0.188 0.914 0.947 0.949

Urgency
Urgent 0.894 0.747 0.735 0.667 0.857 0.453 0.814 0.374 0.576 0.773
Not Urgent 0.758 0.285 0.809 0.265 0.826 0.091 0.926 0.398 0.515 0.347
Not useful 0.03 0.833 0.187 0.841 0.214 0.942 0.188 0.92 0.951 0.952

Table 4. Detailed results per sudden event in the out-of-type configuration for relatedness and urgency classifications
in terms of averaged macro F-scores obtained by the best model FlauBERTtuned. Best scores per task are in bold
font.

Gas explosion Plant fire Notre Dame Attack Collapse
Relatedness 0.439 0.544 0.415 0.455 0.798
Urgency 0.428 0.468 0.369 0.46 0.675

FEW-SHOT LEARNING EXPERIMENTS

Experimental Settings

We have now shown that monotask learning models trained on expected events are the most suitable ones for
detecting sudden events in a zero-shot scenario (i.e. the Out-of-type𝐸𝑐𝑜→𝑆𝑢𝑑𝑑𝑒𝑛𝑎𝑙𝑙 configuration), the next step
is to measure the amount of sudden events needed in the training set to boost the results in a few-shot learning
configuration. To this end, we designed two additional cross-event experimental settings while randomly varying
the number of instances from the sudden crises in the train set. Among the various amounts we tested, we report
here the following settings:

• Few-shot 20%: Train on 𝐸𝑐𝑜+ (20% of 𝐶𝑜𝑙𝑙) + (20% of each event in 𝑆𝑢𝑑𝑑𝑒𝑛) and test on the remaining
80% of (𝐶𝑜𝑙𝑙+80% 𝑆𝑢𝑑𝑑𝑒𝑛).

• Few-shot 5%: Train on 𝐸𝑐𝑜+ (5% of 𝐶𝑜𝑙𝑙) + (5% of each event in 𝑆𝑢𝑑𝑑𝑒𝑛) and test on the remaining 95%
of (𝐶𝑜𝑙𝑙+95% 𝑆𝑢𝑑𝑑𝑒𝑛).

For both settings, we rely on FlauBERTtuned, our best performing model in the zero-shot experiments while keeping
the original distribution of the dataset.

Results

Table 5 shows our results in terms of precision (P), recall (R) and macro-F1 (F). We compare few-shot configurations
with the zero-shot one where 100% 𝑆𝑢𝑑𝑑𝑒𝑛𝑎𝑙𝑙 has been used for testing (see Table 2). Without any surprise, the
more the training set contains instances from 𝑆𝑢𝑑𝑑𝑒𝑛𝑎𝑙𝑙 , the better the results. For relatedness, the F1-scores were
0.851 for Few-shot 20% vs. 0.827 for Few-shot 5% while 0.787 vs. 0.750 for urgency. We observe however
that only injecting 5% tweets of each crisis in the train improves the results of the classification. To generalize
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predictions to unseen events, the model needs few annotated tweets to achieve a good F1-score. For each crisis less
than 70 tweets where provided to the train, those messages help the model by introducing keywords and a lexical
field specific to the crisis. When looking at Table 6 we can see that Useful and Urgent instances achieve a high
recall and F1-score.

Table 5. Few-shot learning vs. zero-shot learning results for relatedness and urgency classifications.

FlauBERTtuned
P R F

Zero-shot relatedness 0.676 0.749 0.640
urgency 0.679 0.625 0.554

Few-shot 20% relatedness 0.876 0.832 0.851
urgency 0.802 0.779 0.787

Few-shot 5% relatedness 0.836 0.819 0.827
urgency 0.750 0.756 0.750

Table 6. Micro and macro scores over all the sudden crises in the 5% few-shot learning setting for relatedness and
urgency classifications. Zero-shot results are provided for a better comparison

Few-shot 5% Zero-shot
P R F P R F

Relatedness
Useful 0.914 0.933 0.923 0.957 0.587 0.728
Not useful 0.757 0.705 0.730 0.395 0.912 0.551
Macro scores 0.836 0.819 0.827 0.676 0.749 0.640

Urgency

Urgent 0.757 0.888 0.817 0.763 0.697 0.728
Not Urgent 0.788 0.671 0.725 0.895 0.255 0.397
Not useful 0.706 0.708 0.707 0.379 0.922 0.537
Macro-Average 0.750 0.756 0.750 0.679 0.625 0.554

CONCLUSION

In this paper, we have presented a new dataset of about 3,800 French tweets related to four sudden events that
occurred in France annotated for both relatedness and urgency. We also studied the impact of the presence of
these sudden crises on classifiers performances when evaluated in an out-of-type scenario. When compared to
a cross-event setting, our results show that transfer from ecological crisis to sudden events is feasible, which
constitutes a first step towards real-time crisis management systems. We conducted several experiments in either
zero-shot or few-shot learning configurations and our main findings are:

• The zero-shot learning approach allows us to (1) filter out irrelevant and off-topic messages and (2) detect
useful messages (both urgent and not urgent) with a very high proportion of true positives. This is a very
important result in a use case where emergency services monitor social media in order to better set priorities
and decide appropriate rescue actions.

• The few-shot learning experiments show that adding only 5% of sudden event data to the training set allows
to achieve better results than the zero-shot baseline.

In the future, we plan to continue this preliminary study by first enlarging our sudden crises dataset and second
exploring transfer learning across crisis types in a multilingual setting.
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relevant data and improve classification accuracy.
recent years, neural network architectures such as ResNet, VGG16, and DenseNet have proven to be able to filter
processing for analysing text have been considered major technologies for processing social media information. In
social media data for disaster response. Namely, computer vision for analysing photos, and Natural Language
Recent research in the field of machine learning is continuously improving the accuracy of the classifications of

ensuring its accuracy within time constraints is still a challenge even using the latest technologies in data science.
generated by a crowd in a nearly real-time manner (Havas et al. 2017). However, the curation of the information
awareness in the event of a disaster. Social media offers some main benefits such as providing information promptly
Over the last decade, social media has demonstrated as an effective and efficient channel for getting situational

information about the damaged areas just after a disaster is essential for emergency response teams.
hours after a disaster are crucial; response must begin during that time to save lives. Gathering accurate and timely
As mentioned by the United Nations Office for the Coordination of Humanitarian Affairs (UNOCHA)1, the first 72
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Ensemble learning, image classification, social media, disaster response

Keywords

integration of social media data within an operational environment.
valuable technology for the analysis of social media images for disaster response,and could potentially ease the
from any of the constituent learning algorithms alone. Experimental results show that ensemble learning is a
Ensemble methods use multiple learning algorithms to obtain better predictive performance than could be obtained

help in the classification of social media images for disaster response.
of the latest research on automatic classification of social media content, proposing the use of ensemble learning to
exploited in operational environments due to the challenges of curating social media data. This work builds on top
Specially for providing information within the first 48 hours after a disaster occurs. However, this potential is poorly
Social media generates large amounts of almost real-time data which has proven valuable in disaster response.
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Both images and textual information from social media have demonstrated to be valuable in disaster response.
Additionally, multi-modal learning combining both sources of information, textual and visual, has demonstrated to
outperform those methods using just images or texts.

By leveraging different deep learning strategies such as transfer learning, researchers have produced significant
results on Social media data classification in disaster response.

Ensemble learning (Rokach 2010) uses multiple learning algorithms to obtain better predictive performance than
could be obtained from any of the constituent learning algorithms alone. Several works in the literature have applied
ensemble learning to the text part of tweet messages for disaster response.

On the other hand, the publication of datasets containing social media data related to disasters response has allowed
researchers to compare different approaches and quickly move forward the state of the art. This paper proposes the
use of ensemble learning for the classification of social media images in disaster response. The performance of this
strategy is evaluated using the well-known CrisisMMD dataset (Alam, Ofli, et al. 2018).

The contribution of ensemble learning is compared with five existing approaches from the literature which have
demonstrated to outperform using the CrisisMMD dataset.The experimental results demonstrate that ensemble
learning is a valuable technology for the analysis of social media images in emergencies. In addition, different
directions to improve the result of using ensemble learning are provided in this paper, which position ensemble
learning as a key machine learning approach for the use of social media data in operational environments.

The main contributions of the paper are:

• This is the first time in which ensemble classifiers are proposed for the analysis of social media images for
disaster response.

• Our experimental results show that simple ensembles provide better quality predictions than current
state-of-the-art deep learning models, even if they incorporate the text of the tweet.

RESEARCH BACKGROUND

One of the major contribution in the field of automatic classification of social media content, namely textual and
images content has been the creation of publicly available datasets. Repositories such as crisisNLP 2 and CrisisLex 3,
and datasets such CrisisMMD (Alam, Ofli, et al. 2018) have enabled the comparison of many different methods and
algorithms for automatic classification of social media content in the field of disaster management.

Previous studies have demonstrated the potential of both images (Nguyen et al. 2017; Alam, Imran, et al. 2017;
Daly and Thom 2016; Barozzi et al. 2019) and textual information (Stefan et al. 2019; Imran et al. 2015; Lorini et al.
2019) from social media in humanitarian aids.

The combination of both textual and visual information using multi-modal deep learning have demonstrated to
provide useful information and to outperform the accuracy of the classification (Madichetty et al. 2021; Agarwal
et al. 2020; Gautam et al. 2019).

A major groundbreaking technology for the automatic classification of social media information has been Deep
Learning (LeCun et al. 2015). Deep Learning architectures have evolved extremely fast over the last seven years.
Recent deep learning architecture such as VGG-16 (Simonyan and Zisserman 2015), ResNet50 (He et al. 2017),
InceptionV3 (Szegedy et al. 2015), or DenseNet (Madichetty et al. 2021) have taken advantage of features from
ImageNet dataset creating pre-trained architectures which are later on adapted for the field of Disaster Response using
transfer learning. Transfer learning and new deep learning architectures have demonstrated to outperform the state
of the art using CrisisMMD dataset (Ofli et al. 2020; Yang et al. 2021; Gautam et al. 2019; Madichetty et al. 2021).
As far as we know the best performance achieved so far has been reported by the DenseNet architecture (Madichetty
et al. 2021).
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learning proposed in this work.
and training them using datasets from the previous phase. (3) Implementation and evaluation of the ensemble
algorithms. This phase selects the promising deep learning algorithm which has proven good results in the literature
previous work and easing the reproducibility of the results. (2) Selection and training of different deep learning
validating the approaches which are included in the experiment. This phase aims at enabling the comparison with
The experimental design is composed of three major phases: (1) the preparation of the datasets used for training and

Experimental design

To provide an answer to this question, this section presents the experimental design implemented in this work.

media images for disaster response?
Can ensemble learning be a valuable technology for improving the accuracy of the classification of social

Our most relevant scientific question can be stated as follows:

A major reason is a limitation of providing an accurate dataset within time constraints.
just after a disaster occurs. However, this potential is poorly exploited by practitioners in operational environments.
Social media data has been proven to be potentially valuable in disaster response, especially for assessing damage

SCIENTIFIC QUESTIONS AND EXPERIMENTAL DESIGN

(Madichetty et al. 2021) which use the CrisisMMD dataset to evaluate the use of social media for disaster response.
top of the line of works of Alam et. al.(Alam, Ofli, et al. 2018), Ofli et al.(Ofli et al. 2020), and Madichetty et al.
media is proposed to help in disaster response.This paper proposes the use of ensemble learning which build on
Thus, as far as we can tell, this is the first work in which an ensemble of classifiers on images obtained from social

photographs or images obtained from social media.
in Bangladesh, using geographical information, climatic data and satellite images. However, they do not use
Talukdar et al. (Talukdar et al. 2020) use bagging to model the susceptibility of flood in the Teesta River basin

multiple classifiers specific to each emergency type to classify previously unseen texts.
the prediction accuracy of the other two models. Pekar et al. (Pekar et al. 2016) create an ensemble which combines
data from a set of source and target data. The third model is an adversarial model with the objective of improving
ensemble of three different models. Two models separately learn the event invariant and specific features of a target
distribution drift in the source and target data along with the class imbalance in the target data by building an
word embeddings to classify tweet relevance in a disaster scenario. Priya et al. (Priya et al. 2020) tackle the
disasters. Nalluru et al. (Nalluru et al. 2019) apply feature ensembling to join domain-agnostic and domain-specific
respectively from local embeddings, manual features and Wiki embeddings to create an early detection system for
Zhou (Kejriwal and Zhou 2019; Kejriwal and Zhou 2020) use a weighted ensemble of three base classifiers, built
Several works in the literature have applied ensemble learning to the text part of tweet messages. Kejriwal and

Ensemble learning for disaster response

complex alternatives such as stacking or Bayesian model averaging have been proposed.
single vote fractionally into the different classes and provides as output the average of the votes received. More
class that has obtained the larger number of votes; soft-voting or weighted voting allows each classifier to split its
(L. I. Kuncheva 2002): hard-voting or majority voting assigns each classifier a single indivisible vote and selects the
algorithm, can also be built. The combination of their predictions can be done through different techniques
Alternatively, ensembles of heterogeneous classifiers, with each classifier using a different machine learning

samples of the training data assigning larger weight to those instances with larger prediction error.
replacement from our training data. Alternatively, boosting (Schapire 1999) incrementally builds new weighted
different subsamples of the data. For instance, bagging (Breiman 1996) learns classifiers on different samples with
Existing ensemble techniques provided an increased robustness and accuracy by learning base classifiers in

classifier is built by training a set of base classifiers and later on combining their predictions.
from any of the constituent learning algorithms alone (Rokach 2010; L. I. ( I. Kuncheva 2014). An ensemble
Ensemble methods use multiple learning algorithms to obtain better predictive performance than could be obtained

Ensemble Learning
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Step 1. Preparation of datasets

As described in the related work, the CrisisMMD dataset (Alam, Ofli, et al. 2018) is becoming a de facto standard
for the evaluation of new computational methods using social media for disaster response. Consequently, our
experimental design relies on CrisisMMD. The dataset contains several thousands of tweets including texts and
images collected during seven major disasters including earthquakes, hurricanes, wildfires, and floods.

The dataset defines three different tweet classification tasks:

1. Task 1: Informative vs Not informative. Tweets should be classified as either Informative or Not
Informative for disaster response.

2. Task 2: Humanitarian categories. Tweets should be classified as in one out of a set of seven categories
depending on the information that the tweet is providing.

3. Task 3: Damage severity assessment. Tweets should be classified in one out of four severity categories:
Don’t know or can’t judge, Little or no damage, Mild damage, and Severe damage.

As explained in the related work, ensembles have been tested (and proven valuable) on the text component of the
tweets. Thus, here we are specifically interested in its potential contribution to the image component.

A common strategy for the evaluation of machine learning algorithms is to split the available data into three different
disjoint parts, namely training, validation and testing. The model parameters are initially fit on the training part.
The fitted model is used to predict the responses for the observations in the validation part. The testing part is used
to provide an unbiased evaluation of a final model fit on the training data set.

In order to ease reproducibility and comparability with previous results, CrisisMMD provides the two different
scenarios for which a training, validation and testing splits are provided. The first of the two scenarios (namely
all) incorporates all of the labeled images. Training, validation, and testing are provided for each of the three
tasks, resulting in 3 different datasets, namely informative_all,humanitarian_all, and damage_all. The
second scenario was introduced in (Ofli et al. 2020) to deal with the multimedia classification of tweets and
contains only those images in which the image classification agrees with the text classifications (namely agreed).
Training, validation, and testing are provided for tasks 1 and 2, resulting in two additional datasets, namely
informative_agreed, and humanitarian_agreed. Datasets are summarized in Table 1.

Table 1. Datasets

Scenario Task Dataset

all
Informative vs Not informative informative_all
Humanitarian categories humanitarian_all
Damage severity assessment severity_all

agreed
Informative vs Not informative informative_agreed
Humanitarian categories humanitarian_agreed
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measure of how well a classifier approximates the probabilities of its predictions. The lower the cross entropy, the
We train each of the base classifiers with the objective to minimize the cross entropy loss. Cross entropy is a

each of the tasks.
the features to the output of the model, being that output the specific categories in which images are classified in
classification problems can be solved. Training is only performed at the so-called top of the network, which connects
them frozen. The rationale for this is that these parameters are creating a rich set of features on which many image
the models, we take the parameters that provided a good quality classification of images on ImageNet and keep
DenseNet201 (Huang et al. 2017). To train each of these classifiers we rely on transfer learning. That is, for each of
2015), InceptionV3 (Szegedy et al. 2015), ResNet50 (He et al. 2017), MobileNetV2 (Sandler et al. 2018), and
in the ImageNet (Deng et al. 2009) database. The five base classifiers are VGG-16 (Simonyan and Zisserman
each of them with a neural network architecture which has proven itself valuable for the classification of images
the application of ensemble learning provides any benefits. To that purpose, we have selected a set of base classifiers
For each of the five datasets described in the previous paragraph and summarized in Table 1, we investigate whether

Step 2. Selection and training of different deep learning architectures
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Table 2. Crossentropy of the base classifiers

Dataset VGG16 DenseNet201 MobileNetv2 InceptionV3 ResNet50
informative_agreed 0.382 0.375 0.412 0.450 0.488
humanitarian_agreed 0.608 0.535 0.658 0.730 0.805

damage_all 0.792 0.781 0.826 0.878 0.869
informative_all 0.442 0.425 0.465 0.526 0.538
humanitarian_all 0.805 0.743 0.859 0.959 1.031

Table 3. Accuracy of the base classifiers

Dataset VGG16 DenseNet201 MobileNetv2 InceptionV3 ResNet50
informative_agreed 83.246 83.507 81.943 79.791 78.292
humanitarian_agreed 76.126 80.524 76.754 72.356 69.005

damage_all 65.028 66.730 63.516 63.138 61.626
informative_all 78.721 80.823 77.738 74.832 72.150
humanitarian_all 70.228 73.402 70.049 66.026 63.523
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incorporate DenseNet201 as one of the components of the ensemble, being the other one VGG16 in one case (which
using an ensemble. Out of the different ensembles tested, two of them appear as especially promising. Both of them
Despite the fact that DenseNet201 is consistently the winning base model, we can still improve significantly by

Contribution of ensemble learning

since ensembling is usually most valuable when there is no such a clear winner.
DenseNet201 is the best on both measures and on every dataset tested could reduce the potential value of ensembling
Table 3 shows that DenseNet201 is also the classifier with the highest accuracy on all five datasets. The fact that

that DenseNet201 provides the best results, i.e. the lowest cross entropy in each of the datasets.
Table 2 shows the cross entropy for the five base classifiers with the best classifier marked in boldface. We can see

Base classifier comparison

the ensemble learning approach by comparing it with the individual performance of previous classifiers.
base classifiers introduced in the experimental design section is compared. Secondly, we analyse the contribution of
The evaluation of the ensemble learning approach is implemented in two parts. Firstly, the performance of the five

EXPERIMENTAL RESULTS

which provides an estimate of the average number of images that the method will correctly classify.
that is, how aware the classifier is of what it knows and what it does not know, and its accuracy on the testing set,
entropy in the testing set, which provides an idea of how well the method is estimating its probability of success,
For each of the classifiers (both base and ensemble) we evaluate its performance using two measures: its cross

A,B to class 𝑐 is computed as 𝑝𝐴,𝐵 (𝑐) = 𝑝𝐴(𝑐) · 𝑝𝐵 (𝑐).
the prediction of B (𝑝𝐵 ). Averaging is simply computed as the product, so the probability assigned by the ensemble
the prediction of an ensemble of two models (say A and B) is obtained by averaging the prediction of A (𝑝 𝐴), and
computes the average of previously trained models, without performing additional training or adjustments. Thus,
concept, the ensemble technique used is simply averaging the predictions of the two classifiers. The technique only
with the results of all the possible ensembles of two classifiers. Since the current objective is to validate the proof of
To evaluate whether ensemble learning provides any benefits, we compare the results of these five base classifiers

Step 3. Evaluation of the ensemble learning approach

with a smaller cross entropy on the validation set.
reducing the learning rate to obtain a better fit. Out of the 50 classifiers obtained (one per epoch), we select the one
better the classifier is estimating the probabilities. We train along 50 epochs on the training set, automatically
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Table 4. Crossentropy of the base and ensemble classifiers

Dataset VGG16 DenseNet201 MobileNetv2 D+V D+M
informative_agreed 0.382 0.375 0.412 0.349 0.361
humanitarian_agreed 0.608 0.535 0.658 0.530 0.541

damage_all 0.792 0.781 0.826 0.7511 0.753
informative_all 0.442 0.425 0.465 0.406 0.415
humanitarian_all 0.805 0.743 0.859 0.708 0.730

Table 5. Accuracy of the base and ensemble classifiers

Dataset VGG16 DenseNet201 MobileNetv2 D+V D+M
informative_agreed 83.246 83.507 81.943 84.615 83.441
humanitarian_agreed 76.126 80.524 76.754 80.314 80.628

damage_all 65.028 66.730 63.516 66.918 66.162
informative_all 78.721 80.823 77.738 81.090 81.448
humanitarian_all 70.228 73.402 70.049 74.117 73.581
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both binary and multi-class tasks in comparison with a single pre-trained model. On the other hand, the ensemble
motivation factors: On one hand, the proposed ensemble learning approach produces better quality predictions in
learning, instead of the use of a single pre-trained model in an operational environment. There are two major
an operational environment is still a challenge. The results presented in this paper motivated the use of ensemble
The use of computational methods for automatic classification of social media information for disaster response in

DISCUSSION

are given the same amount of data for learning.
humanitarian all). This could happen since binary tasks are usually less complex than multiclass tasks provided we
informative agreed and informative all) than on multiclass classification tasks (i.e humanitarian agreed, damage all,
The experiment clearly shows that the ensembles shows a better performance on binary classification tasks (i.e

the one reported by including the tweet text into the classifier, i.e. combining textual and visual information.
This means that, at least for that dataset, the increase in accuracy obtained by using ensembles could be similar to
only image but also the text of the tweet, that is a 1.1 improvement is obtained by additionally considering the text.
for their image classifier (VGG16) and an accuracy of 84.4 for a multi-modal classifier which takes into account not
ensembles, we highlight here the recent research by Ofli et al (Ofli et al. 2020) where they report an accuracy of 83.3
for the D+V ensemble, i.e. a 1.108 improvement. To get a better understanding of the improvement provided by
The corresponding entries in Table 5 show an accuracy of 83.507 for the best base classifier and accuracy of 84.615

opinion.
If the person you are asking to is clearly less informed than you, you probably are better off not considering his
second opinion is good as long as the individual you are asking it to is at about your level of knowledge for the topic.
not be enough to compensate the loss of prediction quality. In colloquial terms, we could say that asking for a
them. However, when one of the classifier is considerably worse than the other, the so-called ensemble effect will
in accuracy with respect to dense net. It is usually the case that an ensemble of two classifiers is better than both of
argue that this could be explained by the poor performance of VGG16 on humanitarian agreed (with a 4% decrease
be better than DenseNet201 in the informative agreed scenario, but not on the humanitarian agreed scenario. We
method in four out of five datasets, whilst D+M does it in three out of five datasets. Furthermore, D+V turns out to
an ensemble method the one that reaches maximum accuracy. D+V provides better accuracy than the state-of-the-art
are boldfaced when they improved over the best base classifier, which is always DenseNet201. In every dataset, it is
Table 5 shows how the two best ensembles compare with the base classifiers in terms of accuracy. The ensembles

method in all the datasets and D+M in four out of five of them.
the best base classifier, which is always DenseNet201. D+V provides better cross entropy than the state-of-the-art
compare with the base classifiers in terms of cross entropy. The ensembles are boldfaced when they improved over
we name D+V) and MobileNetV2 in the other (which we name D+M). Table 4 shows how these two ensembles
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In particular, this paper aims to answer the following research questions:

improvements, and learning designs.
domain-specific guidance by evaluating performance improvements across a series of data augmentations, model
highlights the need of prioritization of the various sections of a pipeline. This paper provides this much needed
gain, however, an older model with better class-balanced dataset might show similar or better performance, which
example, using an off-the-shelf, state-of-the-art pre-trained language model may showcase some performance
informatics pipeline, there is a lack of guidance regarding prioritization of these sections for optimization. For
guidance exists for choosing or prioritizing these approaches. When considering these different sections of a crisis
consideration during pipeline development, and while numerous methods exist in each sections, little domain-specific
In crisis informatics, data sparsity, model selection and learning methodology are some crucial factors to take into

2021-A and 2021-B, with the results being compared on the 2021-A test dataset.
sections of a pipeline, namely, data augmentation, model selection, and model training. This work spans TREC-IS
different sections of a pipeline. This work aims to fill this gap by comparing different methods in three major
of their pipelines. However, there is a need for a comparison between different methods that can be used within
techniques to counter imbalance in the data, and various other methods which might help elevate the efficiency
generated from pipelines that utilize state-of-the-art language models for result generation, various augmentation
received various submissions for the information classification and priority scoring tasks. These submissions are
Since its inception in 2018, the Incident Streams track at the annual Text Retrieval Conference(TREC-IS) has

INTRODUCTION

Incident Streams, TREC, TRECIS, crisis informatics

Keywords

performance for more sophisticated model like DeBERTa with a much more balanced dataset after augmentation.
BERT model with multi-task learning methodology over an imbalanced dataset, multi-task learning does improve
also show that, though training two separate task-specific BERT models does show better performance than one
RoBERTa tend to show a consistent performance increase over our presented baseline consisting of BERT. We
language models like DeBERTa only show performance gain in information classification tasks, and models like
results suggest that data augmentation, in general,improves the performance. However, sophisticated, state-of-the-art
our results against two separate tasks, information classification and priority scoring for crisis-related tweets. Our
a comprehensive evaluation of which section to prioritize based on the results from various pipelines. We compare
model selection, and training methodology. We compare various methods for each of these sections and then present
a pipeline. In this study, we split a general crisis-related pipeline into 3 major sections, namely, data augmentation,
training. However, there is a lack of comprehensive study which compares these methods for the various sections of
various data augmentation methods to counter imbalanced crisis data, sophisticated and off-the-shelf models for
to analyze, classify and prioritize crisis-related data on various social media platforms. These pipelines utilize
Over the years, with the increase in social media engagement, there has been an in increase in various pipelines
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RQ1: Across several augmentation techniques, what is the expected performance increase, on average and for each
method, when applied to crisis-informatics data?

RQ2: By how much might one expect performance to increase by using increasingly sophisticated off-the-shelf,
pre-trained models?

RQ3: How much performance increase is observed upon using a single multi-task learning pipeline, as compared to
different task-specific pipelines?

RQ4: Across data augmentation, language model selection, and training methodology, which choices should be
prioritized for optimization for maximum performance gain?

To answer these question, this paper presents a systematic comparison of test results showcased by different pipelines.
We outline a core pipeline architecture and make changes in the sections we aim to compare, leaving the rest
constant. We define a single baseline model, which will aid us in comparison across different research questions
and also help identify the section of pipeline which gives us the most improvements.

Our results show that, amongst the three different augmentation strategies used(EDA,AugLy, Synonym-Replacement),
even though there is meaning in using augmentation, there is no clear winner. Our results also showcase that using
off-the-shelf pre-trained models does improve the performance by a degree in tasks, however, for models like BERT
there is little improvement when switching the learning techniques from single, task-specific learning to multi-task
learning. Though using sophisticated models like DeBERTa do showcase improved performance when switching
from single, task-specific learning to multi-task learning.
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2019, and X. Zhang et al. 2015 discuss the significant performance improvement in various tasks upon using
techniques in the field of Natural Language Processing (NLP). Various works by Kobayashi 2018, Wei and Zou
form of regularization (Tikhonov regularization). However, recent years have seen a boost in data augmentation
significant improvements in performance. Bishop 1995 show that training with noised example is reducible to a
It is well known that ingestion of addition data or noise to the original training data of a neural network can lead to

Related Work

to the dataset.
people requesting aid for the same crisis. To counter this imbalance various augmentation strategies can be applied
a tweet showing support or giving condolences to the victims of some crisis events as opposed to the number of
different information as well as priority labels. This is expected as there would be a higher number of people posting
Like many other real-world data, the crisis tweets collected by TREC-IS are imbalanced in the distribution across

Augmentation Comparison

questions.
In this section, we dive deeper into the various research questions and outline the methods used to answer these

RESEARCH QUESTION

language models.
Informatics researchers in particular can benefit from the comparison of different learning methods and different
the performance of their pipelines by giving an insight into which section to prioritize for optimization. Crisis
Primary contribution of this work will be of interest to those studying crisis-informatics and methods to improve

to create new pipelines.
model selection and model training. To answer the research questions defined in this work, we change these sections
Figure 1. Core Architecture. We split a general pipeline into three major sections, namely, data augmentation,
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text augmentation like word replacement with semantically similar word, random insertion, random deletion, etc.
However there is little domain specific comparison for various augmentation methods. In this work, we aim to
bridge this gap by comparing three different augmentation methods (EDA, Synonym-Replacement, and AugLy) for
on domain specific dataset.

Experiment Description

In this experiment, we aim to answer the following research question:

RQ: Across several augmentation techniques and libraries, how much performance increase is observed, on
average as well as for each technique or library, when applied to crisis informatics data?

We answer the above mentioned research question by observing the performance improvement across the following
augmentation strategies for the textual data present in the tweets:

1. Synonym-Replacement: In this method, we list all the verbs in the given tweet text and replace them with
their synonyms, thus “generating” new tweet text. If a text has more than one verb in it, then we replace one
verb with its respective synonyms at a time, keeping the rest of the verbs the same. We replace only the verb
portion of the tweet since we assume the verbs to contain the majority of information in any given tweet.

2. Easy Data Augmentation: Easy Data Augmentation, or EDA, is the work presented by Wei and Zou Wei
and Zou 2019. This method includes four different text processing methods, namely, Synonym-Replacement,
random insertion, random swap, and random deletion. This method is a more advanced version of our
Synonym-Replacement method, with Synonym-Replacement in any random word instead of just the verb.

3. AugLy: AugLy is a data augmentation library recently developed by Facebook Research. It contains over
100 different augmentation methods across multi-modalities like image, text, video, and audio. For textual
data augmentation, AugLy introduces 11 different augmentation functions, of which we have used three for
this experiment, namely, word splitting, similar character replacement, and “typos” simulation. We use these
three out of the original eleven since these are the only text-based augmentation methods, with the other
methods including punctuation after every letter, changing the font of text, flipping random words upside
down. These methods have a higher chance of changing the context of the text.
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we define a multiplication factor, which is the number of times a tweet text gets augmented. We also augment only
Figure 2 presents the three different pipelines used for this experiment. For all of these three augmentation strategies,

imbalanced data.
Synonym-Augmentation and compare the evaluation scores against our baseline which uses non-augmented,
Figure 2. Augmentation Pipelines. We use three different augmentation methods, namely, EDA, AugLy, and
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the “actionable” classes, which means, we augment only those tweets which belong to classes which have high
average priority. We augment only these "actionable" classes due to the fact that these classes have a higher average
priority score as compared to the other classes, which makes tweets belonging to these information classes more
important to response officers. Thus, including additional data for these classes would improve our pipeline’s ability
to identify tweets with higher priority, which is the one of its main objectives. We use BERT as the core language
model for all three use cases and separate-task learning as the learning methodology, which means we train separate
models for information classification task and priority scoring task.

Model Selection

Model selection is another important aspect to consider when formulating a pipeline. There are various pre-trained
language models available which are trained on a high amount of data, like BERT, RoBERTa, XLM, DeBERTa,
etc. The state-of-the-art limits are frequently pushed with better models, which are either trained on a greater
amount of data or use a denser or more refined base architecture. These options raise the question of whether
constantly updating our crisis informatics pipelines with these new, off-the-shelf pre-trained language model
guarantee performance improvement.

Related Work

It has been established that deep learning methods show higher performance gain over classical machine learning
methods for various disaster related social media tasks. Nguyen et al. 2016 and Caragea et al. 2016 showcase the
efficiency of neural models like CNNs over classical machine learning models like SVMs. Work done by Neppalli
et al. 2018 also showcase a similar study in which they compare the performance of classical machine learning
models like Naive Bayes with neural models like CNNs and RNNs.

For the past few years, attention based neural models called transformers have shown state-of-the-art results in
various NLP tasks. Transformer models like BERT (Devlin et al. 2018), RoBERTa (Y. Liu et al. 2019) and newer
models like DeBERTa (He et al. 2020) have showcased state-of-the-art results in various NLP tasks. Works like
Chowdhury et al. 2020 and J. Liu et al. 2021 discuss the performance gain showcased by various transformer
models on different crisis classification tasks. In this work, we aim to build on these works by comparing different
transformer models in controlled environment trained over non-augmented, imbalanced crisis data. Through this
we aim to analyze the efficiency of upgrading crisis-pipelines with off-the-shelf, state-of-the-art language models.
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pre-trained models?
RQ: By how much might one expect performance to increase by using increasingly sophisticated off-the-shelf,

Through this experiment, we aim to answer the following research question:

Experiment Description

RoBERTa, with the BERT model being the baseline.
Figure 3. Model Selection Pipelines. We compare three different language models, namely, BERT, DeBERTa, and
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We answer this question by comparing three different language models, namely, BERT, RoBERTa, and DeBERTa,
as presented in Figure 3, to check whether using state-of-the-art models like DeBERTa showcases improved
results as compared to the base models like BERT and RoBERTa. In this experiment, we change the pre-trained
language model in our base pipeline. As evident from the Figure 3, we use no augmentation on the data, and we
use separate-task learning as the learning methodology, which means we train separate models for information
classification task and priority scoring task.

Learning Methodology

C. Wang et al. 2021 in their work use multi-task learning, using a combined loss from priority scoring task model
and information classification model. This was in turn motivated by Y. Zhang and Yang 2017, whose work shows
evidence that parameter sharing between multiple tasks is likely to enable one task to share its learned knowledge
with another. Wang, in their work, defines a parameter lambda, _, as a loss parameter which they use as a weight
for adjusting the loss of priority scoring task and information labels classification to calculate the final loss. The
following equation describes the calculation for the final loss function, where Lit is the loss for information type
classification task and Lpri is the loss for priority scoring task.

𝐿𝑡𝑜𝑡𝑎𝑙 = _𝐿𝑖𝑡 + (1 − _)𝐿𝑝𝑟𝑖

Related Work

Multi-task learning has achieved significant results in various NLP tasks as discussed in a survey by Y. Zhang and
Yang 2017. Various works like Sun et al. 2019 and Zheng, F. Wang, et al. 2017 present the performance gain
showcased by various LSTM models while using multi-task learning. Similar to these, Zheng, Hao, et al. 2017 also
present the performance gain showcased by BiLSTM when using multi-task learning for entity recognition and
relation extraction tasks. Experiments done by Xue et al. 2019 showcase the performance improvement by BERT
transformer model when using multi-task learning on medical domain. Similarly C. Wang et al. 2021 presents
comparison between BERT, DistilBERT (Sanh et al. 2019), ALBERTA (Lan et al. 2019), and ELECTRA (Clark
et al. 2020) for crisis-related data. However, a domain-specific evaluation with non-augmented, imbalanced crisis
data is required. Through this work, we aim to bridge this gap by comparing the model performance showcased by
BERT model on a non-augmented, imbalanced crisis data.
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different task-specific pipelines?
RQ: How much performance increase is observed upon using single multi-task learning pipeline, as compared to

Through this experiment we aim to answer the following research question:

Experiment Description

and multi-task learning, with the separate-task learning being our baseline.
Figure 4. Learning Methods Pipelines. We compare two different learning methods, namely, separate-task learning
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To answer this, we compare two different pipelines, one with multi-task learning, and one with two task-specific
models, one for each, information type classification task and priority scoring task, as presented in Figure 4. We can
get a model for priority scoring task only and information classification task only, if we set _ as 0 and 1, respectively.
We use the _ parameter to train two different models, one for each task, and combine their results to form the final
result. For multi-task learning, we average the losses for the two tasks, thus we use _ as 0.5. Our initial experiments
with different values of _ showed no major improvement in the two tasks. As evident from Figure 4, we use no
augmentation on the data and we use BERT as the core language model.

Section Prioritization

Over the past few years, with improvements in various NLP techniques, there has been parallel improvement
in crisis-related tasks. However there is a need for domain-specific prioritization of these techniques for better
development of crisis-related pipelines. Through this work, we aim to bridge this gap by comparing the various
pipelines and recommending section prioritization based on the comparative results of these pipelines.

In this experiment, we aim to answer the following research question:

RQ: Across data augmentation, language model selection, and training methodology, which choices should be
prioritized for optimization for maximum performance gain?

To answer this question, we compare the results of the following pipelines. Please note the names in the brackets
represent the pipeline names as used in the tables. The initial “S" or “M" represent separate-task learning or
multi-task learning, respectively. “De" represents DeBERTa language model and “Ro" represents RoBERTa
language model. “EDA" at the end represents the use of EDA augmentation and the absence of it represents no
augmentation.

• DeBERTa + Separate + EDA [S-DeEDA]: This pipeline uses EDA for augmentation, DeBERTa as its
language model, and separate-task learning as the learning methodology.

• DeBERTa + Multi [M-De]: This pipeline does not use any augmentation method, takes DeBERTa as its
language model, and uses multi-task learning as the learning methodology.

• DeBERTa + Multi + EDA [M-DeEDA]: This pipeline uses EDA as the augmentation method, DeBERTa as
its language model, and multi-task learning as the learning methodology.

• RoBERTa + Separate + EDA [S-RoEDA]: This pipeline uses EDA as the augmentation method, RoBERTa as
its language model, and separate-task learning as the learning methodology.

• RoBERTa + Multi + EDA [M-RoEDA]: This pipeline uses EDA as the augmentation method, RoBERTa as its
language model, and multi-task learning as the learning methodology.

• Best of RQ1: These are the best results showcased in experiment for augmentation method comparison, for
each individual evaluation score.

• Best of RQ2: These are the best results showcased in experiment for model selection,for each individual
evaluation score.

• Best of RQ3: These are the best results showcased in experiment for learning methodology, for each individual
evaluation score.

• Best Run Results: These are the best overall results for each individual evaluation score as showcased on the
leadership board of the Incident Stream 2021 Track. 1.

METHODOLOGY

This section outlines the architectures of the basic architecture of the core pipeline, modifying different sections of
which would generate the pipelines which we use to answer the research question. We also discuss in brief the
dataset used for training and testing, and also the evaluations metrics used.
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Task Description

The experiments presented in this work are evaluated on the basis of the following two tasks:

1. All High-Level Information Type Classification: Systems participating in this task are given tweet streams
from a collection of crisis events and should classify each tweet as having one or more of the high-level
information types (Buntain et al. 2020). As this is a multi-label classification task, the system should be able
to assign as many categories to any given tweet as appropriate.

2. Priority Scoring: Systems participating in this task are given a tweet streams from a collection of crisis
events and are expected to produce a relative score based on how important the information contained in the
tweet is for a response officer. The score ranges between 0 and 1 with 0 being low importance/priority and 1
representing high importance/priority.

Data Description

Since its inception in 2018, TREC-IS has accumulated a total labeled corpus of more than 60k labeled crisis
tweets made during 75 different crisis events. These labeled tweets can be distributed into 5 different subsets,
based on their editions, namely, 2018, 2019-A, 2019-B, 2020-A, and 2020-B. Tables 1 and 2 shows the per-topic
split for the training data. For our experiments in this work, we use the whole dataset for training and we use
the evaluation notebook provided for 2021-A submissions to compare the results of the various pipelines. The
evaluation notebooks are compared across more than 20k tweets.

Table 1. Per-Topic Training Data Distribution for Actionable Classes

Label CountTopics

CallToAction-MovePeople 761
Report-EmergingThreats 8195
Report-NewSubEvent 3569
Report-ServiceAvailable 2800
Request-GoodsServices 241
Request-SearchAndRescue 347

Table 2. Per-Topic Training Data Distribution for Non-Actionable Classes

Label CountTopics

CallToAction-Donations 1173
CallToAction-Volunteer 286
Other-Advice 3711
Other-ContextualInformation 6283
Other-Discussion 6249
Other-Irrelevant 326665
Other-Sentiment 12590
Report-CleanUp 508
Report-Factoid 11847
Report-FirstPartyObservation 5663
Report-Hashtags 17364
Report-Location 28143
Report-MultimediaShare 27166
Report-News 22063
Report-Official 3692
Report-OriginalEvent 4569
Report-ThirdPartyObservation 19326
Report-Weather 7927
Request-InformationWanted 482
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Evaluation Metrics

TREC-IS releases an evaluation notebook for every edition. These notebooks include, an nDCG metric for ranking
content by priority, F1 score divided into two sets, one restricted to “actionable” information types, and the other
containing all possible labels, and R score for priority score comparison which, similar to the F1 score, is also
divided into two sets, one for “actionable” information type and one for all possible labels. This “actionable” set is
restricted to the top six information types with the highest average priority score, making them the most “important”
types to classify correctly in a qualitative sense. These evaluations are made on a subset of the test data, since the
test data is annotated by humans. Thus the results we discuss are based off of a sample of the test case and might
change when evaluated across a bigger sample.

We also compare F1 score split for each information class and F1 score split for each priority class. The priority
scores can be split into four different sections:

1. Critical: Priority scores between 0.75 and 1.

2. High: Priority scores between 0.5 and 0.75.

3. Medium: Priority scores between 0.25 and 0.5.

4. Low: Priority scores less than 0.25.

Model Description

We keep a consistent model architecture across all the experiments described in this work. This works aim to
compare the results between three different sections of a neural pipeline, namely, augmentation, pre-trained model,
and training method. We change the specific sections of the basic neural pipeline architecture and keep everything
else the same for a clear and consistent comparison.

Baseline Architecture
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improvement from our baseline.
based on the evaluation scores as well as across individual information type scores. We also compare the net percent
This section presents the results for the various experiments outlined above. We compare the various pipelines

RESULTS

and the other for information classification task.
language model and single-task learning, which means, there are two models trained, one for priority scoring task
evaluate the performance gain. The pipeline uses the original textual data without any augmentation, BERT as the
Figure 5 describes the architecture for the baseline used to compare against the various experimental pipelines to

change the data augmentation, the model selection, and the model training sections for their respective experiments.
data extraction, data augmentation, model selection, model training, and prediction. Of these five, in this work, we
2021. Figure 1 describes our core pipeline architecture, which can be split into five major sections, namely, textual
Our model architecture is heavily inspired by the model architecture used by the model described by C. Wang et al.

language model with separate-task learning as the learning methodology.
Figure 5. Baseline Architecture. For our baseline pipeline, we train the non-augmented, imbalanced data on BERT
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Augmentation Comparison

Table 3 shows the results from the various augmentation methods. As evident from the table, EDA augmentation
shows improvement in information classification scores but shows a loss in performance in majority of the priority
scores, except F1 score for actionable classes. Synonym-Replacement and AugLy showcase loss in performance in
comparison to the baseline, which uses no augmentation method.

Table 3. Evaluation Score Comparison Between Augmentation Pipelines. Results show that EDA augmentation does
show improvement in information classification task, however, baseline outperforms the augmentation pipelines in
priority scoring task.

Priority RPriority F1Info AccuracyInfo Type F1nDCG@100Augmentation Statergies
AllActionableAllActionableAllActionable

Baseline 0.5043 0.28720.1958 0.8873 0.2426 0.2290.19780.2648
EDA 0.5037 0.3120.2728 0.8864 0.2586 0.22760.16580.2469
Syn-Aug 0.20920.10470.24640.25120.88650.29010.21930.4946
AugLy 0.21330.19030.22650.22890.88680.29790.20320.4917

Table 4. Per-Priority Class F1 Score Distribution for Augmentation Pipelines. Results suggest that, even though
baseline outperforms the augmentation pipelines in priority scoring task, one of the main factors behind this is that
the baseline shows high performance in classification on Low priority tweets, whereas the augmentation pipelines
show a performance gain in the Critical, High, and Medium priority tweets.

LowMediumHighCriticalModels

Baseline 0.29740.28510.1205 0.3792
EDA 0.0904 0.3265 0.14830.2937
Syn-Aug 0.29500.1052 0.3064 0.2332
AugLy 0.1432 0.22060.29850.249

Table 4 showcases the F1 score for each priority class for the various augmentation pipelines. As evident from the
tables, though baseline outperforms the rest of the pipelines in priority evaluation scores in Table 3, it outperforms
the other pipelines in only Low priority class scores. AugLy outperforms the other augmentation pipelines in
Critical priority class. EDA outperforms the other pipelines in High priority class score by a large margin. Though
Synonym-Replacement pipeline outperforms the other pipelines in Medium priority class, the other pipelines are
competitive.

Table 5. Per-Topic F1 Score Distribution for Augmentation Pipelines (Actionable Classes). Please note that these
tables are transposed from Table 3 and 4 since the topics are more in number. Results show that EDA augmentation
improves classification for actionable topics, however the mean performance for baseline and EDA augmentation
pipelines remain same.

F1 ScoreTopics
AugLySyn-AugEDABaseline

CallToAction-MovePeople 0.58 0.300.230.36
Report-EmergingThreats 0.20 0.230.23 0.22
Report-NewSubEvent 0.20 0.210.21 0.17
Report-ServiceAvailable 0.40 0.46 0.430.44
Request-GoodsServices 0.20 0.33 0.090.18
Request-SearchAndRescue 0.05 0.06 0.000.04
Mean 0.270.27 0.20.23
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outperforms Synonym-Replacement and AugLy pipelines.
and more than 60% of the non-actionable classes. A point to note is these tables also validate the point that baseline
baseline. EDA outperforms the other augmentation pipelines and the baseline in five out of six actionable classes
Tables 5 and 6 shows the results for individual information label for the three augmentation pipelines and also the
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Table 6. Per-Topic F1 Score Distribution for Augmentation Pipelines (Non-Actionable Classes). Please note that
these tables are transposed from Table 3 and 4 since the topics are more in number. Results show that the baseline
outperforms the augmentation pipelines and shows the best results for non-actionable classes as well.

F1 ScoreTopics

AugLySyn-AugEDABaseline
CallToAction-Donations 0.50 0.53 0.520.47
CallToAction-Volunteer 0.31 0.200.000.13
Other-Advice 0.45 0.420.400.42
Other-ContextualInformation 0.11 0.060.070.04
Other-Discussion 0.01 0.06 0.030.01
Other-Irrelevant 0.67 0.540.540.54
Other-Sentiment 0.35 0.41 0.370.39
Report-CleanUp 0.57 0.420.400.33
Report-Factoid 0.45 0.52 0.510.50
Report-FirstPartyObservation 0.12 0.20 0.170.19
Report-Hashtags 0.40 0.52 0.510.51
Report-Location 0.60 0.63 0.620.61
Report-MultimediaShare 0.370.360.32 0.38
Report-News 0.360.360.30 0.37
Report-Official 0.18 0.21 0.20 0.21
Report-OriginalEvent 0.02 0.010.010.01
Report-ThirdPartyObservation 0.41 0.150.170.12
Report-Weather 0.66 0.330.350.36
Request-InformationWanted 0.63 0.410.400.43
Mean 0.330.310.320.37

Model Selection

Table 7 compares the evaluation results for the three pre-trained model runs, namely, BERT, RoBERTa, and
DeBERTa. As evident from the table, DeBERTa outperforms the rest in the information type classification task,
with the exception of information accuracy, whereas RoBERTa outperforms the rest in priority scoring task.
Table 8 compares the F1 score on the basis of the four priority classes. As evident from the table, DeBERTa
outperforms the other pipelines in Critical and Low priority classes, but showcases the worst performance in the
High and Medium priority classes. RoBerta, though not performing well enough in Critical and Low priority
classes, outperforms the rest of the model pipelines in the High and Medium priority classes.

Table 7. Evaluation Score Comparison Between Model Selection Pipelines. Results show that DeBERTa shows the
best scores for information classification task, but shows performance loss in priority scoring task. RoBERTa shows
the best scores in the priority scoring task and even showcases performance gain in information classification task.

Priority RPriority F1Info AccuracyInfo Type F1nDCG@100Models
AllActionableAllActionableAllActionable

Baseline (BERT) 0.88730.28720.19580.5043 0.2426 0.2290.19780.2648
RoBERTa 0.31430.24750.512 0.8906 0.2366 0.26360.20430.2872
DeBERTa 0.34720.34360.5206 0.21410.12470.27650.23550.8883

Table 8. Per-Priority Class F1 Score Distribution for Model Selection Pipelines. Results suggest that though
DeBERTa shows best scores for Critical and Low priority tweets, it shows a performance loss in High and Medium
priority tweets, as compared to the BERT baseline. However, RoBERTa shows a more consistent performance gain
as compared to the BERT baseline, with showcasing the best results for High and Medium priority tweets, and just
a slight loss in Critical priority scoring.

LowMediumHighCriticalModels
Baseline (BERT) 0.37920.29740.28510.1205
DeBERTa 0.1636 0.28770.2757 0.6373
RoBERTa 0.1109 0.31080.3099 0.5409
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Table 9. Per-Topic F1 Score Distribution for Model Selection Pipelines (Actionable Classes). Please note that
these tables are transposed from Table 7 and 8 since the topics are more in number. Results show that DeBERTa
outperforms the other two pipelines in F1 score for actionable classes.

Topics F1 Score

DeBERTaRoBERTaBaseline (BERT)
CallToAction-MovePeople 0.460.32 0.52
Report-EmergingThreats 0.23 0.220.20
Report-NewSubEvent 0.140.17 0.19
Report-ServiceAvailable 0.490.40 0.50
Request-GoodsServices 0.080.01 0.50
Request-SearchAndRescue 0.04 0.130.13
Mean 0.250.20 0.34

Tables 9 and 10 compares the F1 scores from individual information type labels. For F1 scores for Actionable
classes, as shown in Table 9, DeBERTa outperforms the rest of the pipelines in five of the six information classes.
For the F1 score for non-actionable classes as well, as shown in Table 10, DeBERTa outperforms the rest of the
pipelines in almost 70% of the information labels.

Table 10. Per-Topic F1 Score Distribution for Model Selection Pipelines (Non-Actionable Classes). Please note that
these tables are transposed from Table 7 and 8 since the topics are more in number. Results show that DeBERTa
outperforms the other two pipelines in F1 score for non-actionable classes as well.

Topics F1 Score

DeBERTaRoBERTaBaseline (BERT)
CallToAction-Donations 0.53 0.490.43
CallToAction-Volunteer 0.140.13 0.29
Other-Advice 0.41 0.43 0.41
Other-ContextualInformation 0.07 0.06 0.07
Other-Discussion 0.02 0.050.05
Other-Irrelevant 0.54 0.600.60
Other-Sentiment 0.40 0.410.41
Report-CleanUp 0.26 0.51 0.49
Report-Factoid 0.51 0.53 0.48
Report-FirstPartyObservation 0.17 0.21 0.20
Report-Hashtags 0.50 0.540.54
Report-Location 0.62 0.560.60
Report-MultimediaShare 0.390.37 0.40
Report-News 0.360.360.36
Report-Official 0.20 0.13 0.20
Report-OriginalEvent 0.00 0.010.01
Report-ThirdPartyObservation 0.17 0.140.14
Report-Weather 0.36 0.290.33
Request-InformationWanted 0.510.38 0.63
Mean 0.340.32 0.35
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using multi-task learning method.
showcases performance gain in nDCG and Priority F1 for all metrics, we see a general loss in performance when
As evident from Table 11, even though multi-task learning is competitive in information type classification and

two separate task-specific models, and “Multi-Task” representing the multi-task learning pipeline.
In the Tables 11, 13, and 14, we discuss these two pipelines, with “Separate Task" representing the pipeline using
task-specific pipelines, one for each information label classification task and as well as one for priority scoring task.
This section shows the results obtained for the experiment between a single multi-task pipeline, and two separate

Learning Methodology
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Table 11. Evaluation Score Comparison Between Learning Methodology Pipelines. Results show that the baseline,
which uses separate-task learning, outperforms multi-task learning in most of the evaluation scores except nDCG
and Priority F1 for All classes..

Priority RPriority F1Info AccuracyInfo Type F1nDCG@100Leanring Stratergies

AllActionableAllActionableAllActionable
Baseline (Seperate Task) 0.5043 0.24260.88730.28720.1958 0.2648 0.2290.1978
Multi-Task 0.5426 0.21690.88570.27690.1947 0.2787 0.22550.177

Table 12 showcases the F1 score split for each priority label for the two pipelines using different learning methods.
Even though separate-task learning outperforms multi-task learning in all evaluation priority scores, as evident
from Table 11, the separate-task learning is only better in High and Medium priority labels, and multi-task learning
outperforms in Critical and Low priority labels.

Table 12. Per-Priority Class F1 Score Distribution for the Two Learning Methodology Pipelines. Results suggest that
one of the main reasons for the better performance shown by separate-task learning can be the higher performance
in scoring High and Medium priority tweets, whereas multi-task learning pipeline outperforms separate-task
learning in Critical and Low priority tweets.

LowMediumHighCriticalLearning Statergies

Baseline (Seperate Task) 0.1205 0.29740.2851 0.3792
Multi-Task 0.1955 0.28290.255 0.4838

Table 13. Per-Topic F1 Score Distribution for Learning Methodology Pipelines (Actionable Classes). Please note
that these tables are transposed from Table 11 and 12 since the topics are more in number. Results suggest that
even though multi-task learning shows best performance in 50% of the actionable classes, on average, separate-task
learning shows slightly higher performance than multi-task learning on actionable classes.

F1 ScoreTopics

Multi-TaskBaseline
CallToAction-MovePeople 0.32 0.29
Report-EmergingThreats 0.23 0.2
Report-NewSubEvent 0.17 0.16
Report-ServiceAvailable 0.4 0.45
Request-GoodsServices 0.01 0.02
Request-SearchAndRescue 0.040.04
Mean 0.2 0.19
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Table 14.
learning showcases the best results in more than 70% of the non-actionable information classes, as evident from
Even though multi-task learning is competitive in actionable classes scores, as evident from Table 13, single-task
Tables 13 and 14 shows the evaluation results for individual information labels for the two mentioned pipelines.
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Table 14. Per-Topic F1 Score Distribution for Learning Methodology Pipelines (Non-Actionable Classes). Please
note that these tables are transposed from Table 11 and 12 since the topics are more in number. Results show
that, unlike for actionable classes, separate-task learning clearly outperforms multi-task learning in majority of
non-actionable classes.

F1 ScoreTopics

Multi-TaskBaseline
CallToAction-Donations 0.53 0.47
CallToAction-Volunteer 0.13 0.04
Other-Advice 0.41 0.43
Other-ContextualInformation 0.050.07
Other-Discussion 0.02 0.03
Other-Irrelevant 0.54 0.53
Other-Sentiment 0.400.40
Report-CleanUp 0.26 0.22
Report-Factoid 0.51 0.50
Report-FirstPartyObservation 0.170.17
Report-Hashtags 0.50 0.49
Report-Location 0.62 0.61
Report-MultimediaShare 0.37 0.38
Report-News 0.360.36
Report-Official 0.20 0.19
Report-OriginalEvent 0.00 0.01
Report-ThirdPartyObservation 0.17 0.18
Report-Weather 0.36 0.34
Request-InformationWanted 0.38 0.33
Mean 0.32 0.3

Section Prioritization

This section compares the results from the other sections and the insights gained from those sections and showcases
some pipelines which prioritize one section over the other with the aim to get better performance gain. As discussed
in the Introductions section, we use various abbreviations for the various pipelines discussed in this section.

Table 15. Evaluation Scores Comparison for Section Prioritization Pipeline. Results show that our earlier experiment
with the BERT model over non-augmented imbalanced data for multi-task learning showcased performance loss,
more sophisticated and denser models like DeBERTa show higher performance with multi-task learning than
separate-task learning, as evident from scores for M-DeEDA and S-DeEDA, with M-DeEDA even showcasing best
results in nDCG and Information Classification F1 score for actionable classes. S-RoEDA also showcases the best
results for both the Priority F1 scores.

Model Description Priority RPriority F1Info AccuracyInfo Type F1nDCG@100

AllActionableAllActionableAllActionable
Baseline (BERT) 0.2290.19780.26480.24260.88730.28720.19580.5043

Best of RQ1 0.2290.19780.26480.25860.88730.3120.27280.5043
Best of RQ2 0.26360.20430.28720.23660.89060.34720.34360.512
Best of RQ3 0.2290.19780.27870.24260.88730.28720.19580.5426

S-RoEDA 0.8910.32150.2880.5252 0.29760.264 0.2820.2117
M-RoEDA 0.20840.27630.250.89250.31820.29990.5433 0.2995
S-DeEDA 0.21890.13190.28930.23370.88770.34370.32880.5133
M-De 0.29180.19080.28290.24320.88690.33820.32380.5424
M-DeEDA 0.34490.5579 0.2730.2050.27450.23980.88540.3443

Best Run Results 0.5579 0.3311 0.89310.3555 0.2970.2612 0.2603 0.2982
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Table 17. Per-Priority Class F1 Score Distribution for the Various Section Prioritization Pipelines. Results suggest
that RoBERTa in general showcases best performance in scoring Critical, High, and Medium priority tweets,
however S-DeEDA showcases the best performance in scoring Low priority tweets.

Model Description LowMediumHighCritical

Baseline (BERT) 0.37920.29740.28510.1205
S-RoEDA 0.1878 0.31980.33 0.5017
M-RoEDA 0.2201 0.47190.27690.267
M-De 0.49150.28820.27570.2037
S-DeEDA 0.25860.28420.1803 0.6516
M-DeEDA 0.47440.29710.27560.2164

Table 16. Percent Improvement In Model Selection Pipelines in Comparison to Baseline. Results shows that using
multi-task learning with DeBERTa gives improved performance in general, with M-DeEDA showcasing maximum
performance gain in nDCG and Info Type Actionable F1 Scores. Using RoBERTa in general showcases a consisted
performance gain, with maximum performance gain in almost all evaluation scores for priority scoring task.

Model Description Priority RPriority F1Info AccuracyInfo Type F1nDCG@100

AllActionableAllActionableAllActionable
Best of RQ1 -- ---6.608.6439.33
Best of RQ2 3.23 75.49 20.89 0.37 15.113.298.46-2.47
Best of RQ3 -7.59 -0.005.25---

S-RoEDA 0.424.14 11.9447.09 7.0312.398.82 23.14
M-RoEDA 7.73 10.7953.17 0.59 5.364.343.05 30.79
S-DeEDA 0.051.78 -4.41-33.329.25-3.6719.6767.93
M-De -0.057.56 27.42-3.546.840.2517.7665.37
M-DeEDA 10.63 76.15 -0.21 19.213.643.66-1.1519.88

Tables 15 and 16 showcase the results for the various pipelines mentioned. As evident from the tables, DeBERTa
with EDA augmentation and multi-task learning showcase great performance gain in information classification task,
with even outperforming the best run submitted to TREC-IS by a wide margin in the Information Type F1 score for
actionable classes. However, RoBERTa in general shows better performance gain in priority scoring task, with
RoBERTa with EDA augmentation and separate-task learning outperforming the best run submitted to TREC-IS in
Priority F1 scores, for both actionable as well as all classes.

Table 16 also showcases that using DeBERTa sometimes gives loss in performance for priority scoring task, as
evident for DeBERTa + Separate + EDA pipeline. However, switching learning method from separate-task learning
to multi-task learning does seem to improve the performance, except for Priority F1 score for actionable classes.

Table 17 showcases the F1 score for individual priority classes for the different pipelines used in section selection
experiments. Results from Table 17 support the results from Tables 15 and 16, providing further evidence that
RoBERTa shows better performance in priority scoring task as compared to DeBERTa model.

Table 18. Per-Topic F1 Score Distribution for Section Prioritization Pipelines (Actionable Classes). Please note
that these tables are transposed from Table 15 and 17 since the topics are more in number. Results show that even
though no pipeline has a clear majority in best scores for actionable class classification, DeBERTa in general shows
best performance for information classification task.

F1 ScoreTopic

M-DeEDAM-DeS-DeEDAM-RoEDAS-RoEDABaseline
CallToAction-MovePeople 0.460.420.370.430.32 0.52
Report-EmergingThreats 0.220.230.200.23 0.25 0.23
Report-NewSubEvent 0.210.160.190.170.17 0.22
Report-ServiceAvailable 0.510.40 0.520.52 0.500.50
Request-GoodsServices 0.340.360.01 0.50 0.440.39
Request-SearchAndRescue 0.140.140.140.050.04 0.15
Mean 0.320.330.300.290.20 0.34
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Table 19. Per-Topic F1 Score Distribution for Section Prioritization Pipelines (Non-Actionable Classes). Please
note that these tables are transposed from Table 15 and 17 since the topics are more in number. Results, similar
to results for actionable classes, though no pipeline has a clear majority in best scores for non-actionable class
classification, DeBERTa in general shows best performance for information classification task.

F1 ScoreTopic

M-DeEDAM-DeS-DeEDAM-RoEDAS-RoEDABaseline
CallToAction-Donations 0.53 0.460.500.460.410.44
CallToAction-Volunteer 0.030.070.13 0.30 0.290.26
Other-Advice 0.400.41 0.43 0.400.420.41
Other-ContextualInformation 0.060.070.050.07 0.08 0.05
Other-Discussion 0.020.040.02 0.05 0.040.03
Other-Irrelevant 0.590.54 0.60 0.550.560.57
Other-Sentiment 0.430.420.40 0.44 0.430.42
Report-CleanUp 0.26 0.52 0.490.490.490.45
Report-Factoid 0.51 0.480.47 0.51 0.50 0.51
Report-FirstPartyObservation 0.17 0.230.23 0.170.160.19
Report-Hashtags 0.50 0.550.55 0.540.56 0.55
Report-Location 0.62 0.600.570.590.580.59
Report-MultimediaShare 0.370.370.37 0.410.41 0.40
Report-News 0.36 0.350.330.35 0.360.36
Report-Official 0.20 0.170.16 0.20 0.18 0.20
Report-OriginalEvent 0.00 0.02 0.000.010.010.01
Report-ThirdPartyObservation 0.140.100.120.17 0.18 0.16
Report-Weather 0.36 0.300.270.310.350.35
Request-InformationWanted 0.560.550.560.560.38 0.59
Mean 0.320.330.32 0.35 0.340.34
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showcased by RoBERTa in priority scoring task can be attributed to the high performance in High and Medium
with a performance loss in High and Medium priority classes, as compared to baseline. Thus, the performance gain
Analysis of per-priority class F1 score showcases DeBERTa outperforming in Critical and Low priority classes,
priority scoring task but also shows performance gain in information classification task as compared to the baseline.
task as compared to the baseline. However, the RoBERTa pipeline outperforms the other two pipelines in the
compared to the baseline (BERT) and the RoBERTa pipelines, but shows loss in performance in the priority scoring
evident from the results, DeBERTa showcases a massive performance gain in the information classification task as
For this experiment, we compared three different language models, namely, BERT, RoBERTa, and DeBERTa. As

Model Selection

majority of information classes, for both actionable as well as non-actionable classes.
that even though there is no clear winner among the augmentation methods, EDA showcases highest F1 scores in
improvement in the Critical and High priority classes. The analysis of per-topic F1 scores presents us the insight
that the baseline outperforms in only the Low priority classes, and augmentation with any of the methods showcases
augmentation pipelines for the priority scoring task. However, upon analysis of per-priority F1 scores, it is evident
classification task, with EDA outperforming the other pipelines. However, there is a performance loss in all three
AugLy. As discussed in the results, all three augmentation method show a general improvement in the information
For this experiment, we compared three different augmentation methods, namely, EDA, Synonym-Replacement, and

Augmentation Comparison

This section aims to discuss and draw inferences from the results presented in the previous section.

DISCUSSION

Table 19. DeBERTa in general gives better result as compared to RoBERTa.
best results in 50% of the actionable classes, it does not perform as well in non-actionable classes, as observed in
the table even though DeBERTa with EDA augmentation and multi-task learning(M-DeEDA) does seem to give the
Tables 18 and 19 show the F1 score split for each topic for the various section selection pipelines. As evident from
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whereas model like RoBERTa are better for priority scoring task.
separate-task learning. High end models like DeBERTa in general are better for information classification task,
state-of-the-art models like DeBERTa show certain performance gain when employing multi-task learning over
Thus, we can infer that even though multi-task learning does not perform well with models like BERT and RoBERTa,

and M-DeEDA.
however, DeBERTa in general does showcase maximum best results among its three pipeline, M-De, S-DeEDA,
augmentation and multi-task learning (M-DeEDA) does give the best results in half of the actionable classes,
upon analysis of per-topic F1 scores, we see no best pipeline which outperforms the rest. DeBERTa with EDA
tweets and separate-task learning showcasing higher performance for High and Medium priority tweets. However,
and Medium priority classes, with multi-task learning showcasing improved performance for Critical priority
F1 scores confirms our expectations with RoBERTa, in general, showcasing the best results for Critical, High
learning does show performance gain, but only in denser models like DeBERTa. Analysis of per-priority class
also improves the performance in the evaluation score for priority scoring tasks. Thus we can infer that, multi-task
was not the case for BERT model. Training DeBERTa on an EDA augmented dataset with multi-task learning
model like DeBERTa with multi-task learning (M-De) we see some performance gain in the priority scores, which
Further analysis of percentage gain of each pipeline as compared to the baseline showcases that upon using a denser

both the Priority F1 scores.
priority scoring task except for Priority R for all classes, with S-RoEDA even outperforming the best run results in
augmentation and separate-task learning (S-RoEDA) does give us the best evaluation scores in almost all scores for
best run submitted to TREC-IS in information type F1 score for actionable classes. However, RoBERTa with EDA
in information classification task as well as majority of priority scoring task, and M-DeEDA also outperformed the
learning (M-DeEDA) outperforms DeBERTa model with EDA augmentation and separate-task learning (S-DeEDA)
Analysis pipelines, contrary to expectations, showcase that DeBERTa model with EDA augmentation and multi-task
learning methodology should give us the best results for priority scoring task. However, the results for Section
task and using EDA for data augmentation with RoBERTa as the language model and separate-task learning as the
separate-task learning as the learning methodology should give us the best results for information classification
discussed above, we can conclude that using EDA for data augmentation with DeBERTa as the language model and
data augmentation, language model selection, and learning methodology. From the individual pipeline results
In this work, we compare various pipelines using different methods for the three major sections of a pipeline, namely,

Section Prioritization

compare different models in the Section Prioritization experiments.
reducing the amount of information gained from introducing loss from both the tasks. To further analyze this we
multi-task learning might be taken into consideration. Also, using a basic language model such as BERT might be
learning. However, for cases where there is a higher need of classifying Critical priority tweets with higher accuracy,
From these results, we can infer that separate-task learning is a much more consistent as compared to multi-task
Analysis of per-topic F1 scores also gives evidence of no significant improvement by multi-task learning pipeline.
priority classes by multi-task learning pipeline, with a performance loss in High and Medium priority classes.
for all classes. Further analysis of per-priority class F1 scores showcases an improvement in Critical and Low
separate-task learning outperforms multi-task learning in general, except for nDCG score and the priority F1 score
loss functions from both information classification task and priority scoring task. As evident from the results,
only and one for priority scoring only. Multi-task learning is described as training one model which uses the
learning. We define separate-task learning as training two different models, one for information classification
For this experiment, we compared two different learning methodologies, separate-task learning and multi-task

Learning Methodology

priority scoring).
DeBERTa model, shows a more consistent performance gain across both of the tasks (information classification and
though is more denser and more complex than the BERT baseline model, but not as complex as the state-of-the-art
gain in information classification task as compared to the baseline BERT model, but models like RoBERTa, which,
we can draw the inference that, though state-of-the-art off-the-shelf models like DeBERTa do show performance
highest F1 scores in majority of actionable as well as non-actionable information classes. Thus, from these results
supports the performance gain in information classification task by DeBERTa, with the DeBERTa showcasing the
priority classes and competitive F1 scores in the other two priority classes. The analysis of per-topic F1 score
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ABSTRACT 

Urban Search and Rescue (USAR) teams are particularly exposed to the risk of collapse of buildings due to 
aftershocks, making concept of earthquake early warning (EEW) particularly interesting. In addition to scientific 
advances in EEW, it is crucial to understand what are the real expectations and needs of USAR teams, and to what 
extent EEW solutions could meet them. In this study, we conduct a survey to collect insights from USAR rescuers: 
it highlights that aftershocks are a major concern for them. In this context, we find that the concept of EEW is 
very favorably received by the respondents, who consider different types of possible actions upon receipt of an 
early warning. This study provides a basis for the functional specifications of future solutions of EEW useful to 
all USAR teams, as well as for the definition of their modalities of engagement on the field. 

Keywords 

Earthquake early warning, aftershock, search and rescue, USAR, INSARAG. 

INTRODUCTION 

After the occurrence of a destructive earthquake, the immediate priority is to rescue the victims. While "visible" 
victims can usually be treated very quickly by the usual rescue services, those trapped under the rubble are much 
more difficult to find, reach and then extract - or provide first aid directly on site under the rubble. Yet, the 
probability of finding survivors among the ruins of collapsed buildings after an earthquake decreases very rapidly 
over time, becoming almost zero after less than a week (Reinoso et al., 2018). In fact, most survivors are found 
within the first 72 hours, which for this reason are called the "golden hours" due to the greatest chance of saving 
lives. Thus, it is a real race against time to try to rescue as many people as possible.  

Among SAR operations, urban ones (called USAR) are the most common in the event of an earthquake, since 
most rescue operations are conducted in the ruins of buildings. Compared to other SAR fields such as marine, 
mountain, or rural operations, USAR is particularly time-consuming and technically demanding because 
operations are spread over very large, often densely populated areas, with structural complications related to the 
interlocking of buildings in older - and most vulnerable - city centers (Statheropoulos et al., 2015).  
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International interoperability of USAR practices 

For maximum efficiency, it is therefore essential that USAR teams - sent in large numbers to the epicentral area - 
are able to work together according to "standardized" and interoperable procedures. This is true for the national 
teams that intervene from the first hours after an earthquake, but all the more for the international teams that are 
very often sent as reinforcements (Statheropoulos et al., 2015; Okita et al., 2021). It was in response to this 
challenge that the International Search and Rescue Advisory Group (INSARAG) was created in 1991 on the 
initiative of the United Nations (UN). Over time, INSARAG has standardized USAR practices throughout the 
world with a high level of requirements, and has allowed a certain interoperability of international teams that 
reinforce local search and rescue resources after each major earthquake. 

Exposure of USAR teams to aftershocks 

By nature, USAR operations take place in a degraded and dangerous environment. Therefore, the primary concern 
of USAR teams is the safety of their personnel. Aftershocks are a major risk for USAR teams, who must operate 
in severely damaged buildings, parts of which may collapse even with relatively small ground movements 
(structural collapses of damaged buildings can even occur in some cases under static conditions, i.e. in the absence 
of any ground-motion). Indeed, the period following the occurrence of a major earthquake is characterized by a 
period of increased probability of aftershocks (Omori, 1894). Although this risk is well known to USAR teams, 
to date they have few means to protect themselves from it, with practices that appear to vary from country to 
country. 

Pointing to this exposure, Schäfer et al. (2017) list a dozen earthquakes for which interruptions in relief operations 
were observed following the occurrence of aftershocks, for a period ranging from a few hours to a few weeks. In 
particular, if one considers that, for partially collapsed buildings inside which USAR teams are searching for 
victims, a risk of collapse may appear for relatively low levels of shaking, the threat is very high. This risk situation 
is unsurprisingly greatest in the first few hours after the main tremor, but it remains significant in the days (or 
even weeks) following, when USAR operations take place. In particular, the "Golden Hours" are characterized by 
a high risk of aftershock collapse. Therefore, ensuring the safety of USAR teams is at the top of the priority list 
during a rapid search and rescue operation (Statheropoulos et al., 2015). 

Overview of USAR team practices for aftershock management 

In terms of procedures, some countries explicitly define a way to account for aftershocks, based primarily on 
Omori's law, which describes the typical decay of aftershock rate as approximately inversely proportional to the 
time since the mainshock (Omori, 1894). Thus, U.S. and New Zealand teams appear to use simple rules to estimate 
the level of likely aftershocks that may occur during their USAR operations (McVerry et al., 2005). In practice, 
while this approach is valuable in acculturating USAR teams to the reality of the risk presented by aftershocks, it 
remains poorly activatable because even a high level of risk of aftershocks cannot justify preemptively shutting 
down USAR operations for several days. 

Guaranteeing the safety of rescuers is one of the highest priorities for USAR operations (Statheropoulos et al., 
2015). One way to ensure this safety is to equip teams with tools that enable an automated monitoring of their 
ever-changing work environment, including the risk of collapsing ruins. To do this, many USAR teams use 
stability monitors, but all these systems have the same limitation of detecting only the movements of the structure, 
and not the ground shaking itself, making the alarm useless in case of sudden collapse due to aftershocks. A 
system detecting seismic waves themselves and predicting the shaking strength so that teams can apply safety 
measures makes sense in this context: that is the main goal of Earthquake Early Warning (EEW) systems, which 
constitute the focus of this study. 

FROM MAINSHOCKS TO AFTERSHOCKS EARLY WARNING 

General principle of earthquake early warning 

In 1868, Cooper laid the groundwork for a new tool to provide an "early" warning to San Francisco of the 
impending arrival of destructive waves generated by an earthquake some 100 kilometers from the city. A little 
over a century and a half later, Cooper's concept was carried forward into EEW systems that use the first few 
seconds of P-wave recordings - the fastest and least energetic - to estimate the strength of the earthquake and the 
intensity of subsequent shaking. They can be divided into three broad categories (Cremen and Galasso, 2020): 
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1. Regional EEW systems, which aim to cover large geographic areas, rely on dense seismic sensor 
networks to detect the occurrence of earthquakes as soon as possible after their occurrence, and then 
estimate their source parameters and predict ground shaking at target sites to be warned. 

2. On-site EEW systems, which are designed to alert a specific target site, and which rely on instrumentation 
centered on that target, most often consisting of a single seismic station that continuously acquires and 
analyzes ground motion. On-site systems aim to directly estimate the destructive potential of incoming 
strong ground-motion at the target site. 

Regional EEW systems generally provide more accurate estimates of source parameters, but on-site EEW systems, 
on the other hand, have shorter latency times due to local treatment and no off-site communication, and then 
provide faster warning times for targets near the earthquake epicenter by reducing the extent of the "blind zone" 
within which seismic shaking arrives before warning (Kanamori, 2005). In order to take advantage of both the 
benefits of regional and on-site systems, some authors have introduced a third type of EEW system (Zollo et al., 
2010): 

3. "Hybrid" EEW systems, which are regional systems in which each station of the network behaves 
autonomously according to the on-site approach to alert as soon as possible the assets located in its 
immediate environment, while contributing to the assessment of an alert with a "regional" focus. 

Application of the early warning principle to aftershocks 

In the 1990s, when EEW technology was still in its infancy, the principle of early warning for aftershocks was 
proposed for California using a regional approach (Bakun et al., 1994). Nearly thirty years later, due to both the 
maturation of EEW techniques and the greater mobility of USAR teams, the most relevant EEW principle for the 
use case considered in this study is primarily the on-site one, like the FREQL-light tool (Nakamura & Saïta, 
2007b). In order to estimate the impending shaking hazard, these on-site systems use proxy parameters which are 
computed over time windows typically ranging from 1 to 3 seconds after the arrival of the P phase. 

The perspective of the use of an on-site EEW system by rescue teams also makes it essential for the system to be 
able to effectively discriminate signals produced by earthquakes from anthropogenic seismic noise associated 
with USAR operations (generator operation, displacement and drilling of concrete elements, etc.) or from ambient 
noise that can in some cases be loud due to the intense activity that usually prevails in impacted areas where 
destruction is concentrated. Finally, several studies suggest that on-site EEW algorithms can be applied using low-
cost microelectromechanical systems (MEMS) accelerometers (Peng et al., 2017), paving the way for 
miniaturization of devices and lower costs. 

Therefore, the minimum requirements for the technical feasibility of a mobile EEW solution for aftershock 
monitoring seem to be met. However, it is important to note that, to our knowledge, all existing EEW algorithms 
(both on-site and regional) have been developed primarily for mainshocks, and not specifically for aftershocks. 

Current use of EEW systems by USAR teams 

It seems that a few USAR teams are using dedicated EEW systems to detect aftershocks early before the strongest 
seismic waves have reached their work site. However, these systems are very poorly documented, and appear to 
be unfamiliar to the international USAR community, leading the detailed needs assessment of USAR teams 
conducted by Wong & Robinson (2004) to consider the development of an "Aftershock Prediction System" as a 
high priority. More recently, Statheropoulos et al. (2015) included this type of early warning system in their list 
of "candidate systems that await integration to generate significant and rapid advances in USAR capability". 

The only documented EEW tool dedicated to USAR needs is developed and commercialized by the SDR Japanese 
company. Among the EEW systems proposed by SDR, the FREQL-light portable model was designed to be easily 
deployed in the field (Nakamura & Saïta, 2007). Developed in 2005, it appears that FREQL-light is now helping 
the Tokyo Fire Department to protect its "Hyper rescue" team personnel from the effects of aftershocks during 
their operations in Japan or abroad (Nakamura et al., 2011). According to information provided by the 
manufacturer (authors' personal communication), the FREQL-light system appears to be able to alert members 
responding to the site of a potentially large aftershock, who can be warned either by an audible alert sounding 
throughout the site or via dedicated portable receivers. 

While the question of scientific and technical feasibility is important for the development of an EEW system, the 
question of evaluating its potential contribution to users is equally important (Becker et al., 2020a). The few 
existing studies aiming at this evaluation concern exclusively regional systems, via interviews or surveys carried 
out with actors present in the territories covered by the warning systems (Auclair et al., 2015; Becker et al., 2020a-
b). Despite some specific lessons from previous studies (e.g. Becker et al., 2019 & 2020a), to our knowledge there 
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is no such study to date to precisely investigate the perception and identification of the specific needs of USAR 
teams. Therefore, we set out to conduct a questionnaire survey of international USAR teams to understand what 
the opportunities, challenges, and contingencies would be for using a mobile EEW solution to protect them from 
the risk of collapse in the event of aftershocks. 

USERS SURVEY 

As Becker et al. (2020a) state, "understanding people's perspectives should be the first, not last, step of developing 
and operationalizing a successful early warning system". Thus, in reference to the notion of the "last mile" which 
refers to the ability to issue the alert to the right users distributed over the territory, the collection and analysis of 
the potential users' point of view constitutes the essential "first mile" (Kelman and Glantz, 2014). 

With the goal of analyzing user perspectives to guide the development of an EEW dedicated to USAR teams, the 
existence of a highly organized international community within the INSARAG group provides a rare opportunity 
facilitating comparative analysis of feedback from practitioners with relatively homogeneous operational cultures 
and practices. 

Methodology and data 

Like Becker et al. (2020.b), we chose to gather information via the conduct of a questionnaire survey. The survey 
data is particularly useful for quantifiably comparing the views of many participants. The main issues that inspired 
our questions were: respondent’s profile; respondent’s experience with USAR response activities; perception of 

the risk presented by aftershocks; perception of the value of an EEW; and constraints to operational deployment 
of an EEW. 

The survey consisted of 35 questions in total, 20 quantitative (closed questions) and 15 qualitative (open 
questions). The survey was conducted online from April 21, 2021 to June 1, 2021. Thanks to the support of the 
French civil protection, the survey was sent to all operational focal points of INSARAG member countries, as 
well as to the focal points of their USAR teams (approximately 200 recipients). These recipients were left free to 
forward the link to the questionnaire to anyone they deemed relevant, opening the way for multiple returns within 
the same team, as well as the participation of representatives of USAR teams not affiliated with the INSARAG 
community. 

In total, we received 104 responses to the questionnaire, 95% from active USAR team members, from 11 
countries: 80.8% from the United States, 12.5% from European countries, and 6.7% from other countries (see 
Table 1). It is worth noting that some questions were not completed by all respondents, either in the case of non-
applicable questions, or in the case of open questions that were not mandatory. 

Table 1. Distribution of responses to the questionnaire by nationality, USAR team membership, and 
INSARAG classification level (if relevant). See section 4 for an in-depth explanation of differences between 
levels. 

Region 
Country 

Affiliation 
to an 
USAR 
team 

  

IEC classified team 

  

Level 

No Yes No Accredited Ongoing Heavy (HUSAR) Medium (MUSAR) 

Europe               

Czech republic 0 2 0 2 0 2 0 

France 2 6 1 5 0 3 2 

Germany 0 2 0 2 0 2 0 

United Kingdom 0 1 0 1 0 1 0 

Other       0   0 0 

Australia 0 1 0 1 0 1 0 

China 0 1 0 1 0 1 0 

Mexico 1 1 0 0 1 0 1 

New-Zealand 0 1 0 1 0 1 0 

743 



Auclair et al. Aftershocks early warning for USAR teams 
 

CoRe Paper – Technologies for First Responders 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

 

South Africa 0 1 0 1 0 1 0 

United Arab Emirates 0 1 0 1 0 1 0 

US       0   0 0 

USA 2 82 54 28 0 28 0 

Total 
5 99 

55 
43 1 41 3 

104 44 44 

Analysis of results 

Respondent experience 

The way in which questions about protection against aftershocks (and earthquakes in general) are answered can 
depend to a large extent on the experience of the respondents. For this reason, 8 questions were asked in order to 
evaluate this experience for each of the respondents. 

The results show that 85.6% of the respondents indicate that they have already experienced an earthquake, which 
is a much higher proportion than those who have already taken part in real life to USAR post-seismic interventions, 
which is only 37.5%. One the other hand, 35.6% have experience of real life engagement for situations other than 
earthquakes, while the remaining 14.4% have only participated in exercises. Analysis of the responses from 52 
respondents having experience in postseismic USAR operations conducted to identify the main international 
earthquakes in which they have participated. Unsurprisingly, these were primarily the major earthquakes over the 
past decade that required international USAR reinforcements via INSARAG, including earthquakes that occurred 
in 2010 in Haiti and New Zealand, in 2011 in Japan, and in 2015 in Nepal. Thus, it is possible to analyze the 
responses either in aggregate or to extract a specific analysis for each of the four aforementioned earthquakes for 
which we have sufficient data. 

It appears that, overall, 43% of the responses reported the arrival of USAR teams within the first 24 hours after 
the earthquake occurred, and 84% within the first 48 hours. In terms of the duration of the missions in which the 
respondents took part, these were relatively long, most often lasting from 11 up to 15 days (43%). These elements 
confirm that the conduct of USAR responses is very much affected by aftershocks, which are most likely to occur 
during the first few days after the earthquake (one respondent reported feeling up to 70 aftershocks per day during 
his 2011 mission in New Zealand). The responses to another question confirm that this high exposure to 
aftershocks results in a high risk for USAR team members, 77.1% of whom report frequently to very frequently 
working in heavily damaged buildings with a high risk of collapse (Figure 1). 

Therefore, it is not surprising to find that aftershocks disrupted USAR operations in 70% of the postseismic 
missions in which the respondents participated (Figure 2). Responses to an open question provide more details on 
the nature of these disruptions. Most of the responses emphasize reflex actions of sheltering in place or evacuating 
the operational rescue area to limit the risk to the safety of the rescuers. Several respondents indicate that these 
frequent interruptions remain mostly short, but that resuming afterwards the rescue activities requires the 
realization of a new diagnosis to assess the security level of the buildings and the re-evaluation of the possible 
evacuation itineraries:   

“Aftershocks required us to temporarily halt rescue operations, move to a designated safe zone or evacuate the 
structure.” 

Some respondents also report actual aftershock-induced damage, sometimes even resulting in new victims being 
injured or trapped under the rubble:  

“Violent aftershocks resulting in persons trapped and injured” 
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Figure 1. Answers to question “During these missions, in what types of environment did your team 

intervene?” 

 

Figure 2. Answers to question “Did any aftershocks disrupt USAR operations?” 

Perception and management of aftershock risk 

The next group of questions aimed to establish the perception of respondents and to identify the means available 
to them to protect themselves from this risk. 

With 72.9% of responses expressing a high to very high risk, it appears first of all that the risk is perceived as 
maximum for the team members themselves, followed by the search dogs of the canine units, then by the 
intervention equipment. The most feared effect of aftershocks is the collapse of buildings that could injure or kill 
rescuers, or even trap them under rubble. In this case, the priority work of the USAR team would naturally become 
rescuing their colleague(s), to the detriment of other victims. 

To face this danger, only 52.4% of the respondents report having in their team an early warning or stability control 
tool, a figure that reaches 61.3% among INSARAG-affiliated team members. While some respondents marginally 
mention the use of crack monitors or theodolites, none mention the use of an EEW. More surprisingly, almost 
20% of the respondents do not know if their team is equipped with such procedures or tools, almost exclusively 
in teams not affiliated with INSARAG. 

Utility of aftershocks early warning 

The next section of the questionnaire is specific to assessing the perceived usefulness of an EEW system, without 
any presupposition about technical feasibility. Unsurprisingly, and in good agreement with previous work (Auclair 
et al., 2015; Becker et al., 2020a), it first emerges that the perceived usefulness is stronger the longer the warning 
time (Figure 3). In this respect, it should be noted that, with the exception of some regional EEW systems that can 
offer large warning times of more than 10 seconds due to specific regional configurations with a large distance 
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between seismic sources and target areas, the characteristic performances of on-site EEW systems are generally 
much lower, in particular for a near field application with respect to seismic sources such as the one considered 
in this study. A test conducted in Italy (i.e. with a diffuse continental source configuration) suggests warning times 
ranging on average between 3 and 5-6 seconds for targets located respectively at about 20 and 30 kilometers from 
the epicenter, with values of 8-10 seconds obtained only at about 50 kilometers from the epicenter (Caruso et al., 
2017). As USAR teams are working in the heart of mainshock disaster areas, it is common for them to be exposed 
to aftershocks occurring relatively close to the epicenter, which leads us to consider extremely short warning times 
of only a few seconds. 

93.3% of the respondents consider an EEW to be useful to very useful for a warning time of between 10 and 20 
seconds. This figure decreases to 79.8% for alert times between 5 and 10 seconds, to 35.6% for alert times between 
2 and 5 seconds, and finally to 30.8% for alert times lower than 2 seconds. Although the perception of usefulness 
only becomes the majority when the alert time exceeds five seconds, it is interesting to examine carefully the 
actions envisaged by the respondents even under extremely short delays. In practice, respondents identify three 
types of actions that can be taken in response to receiving an EEW to reduce the level of danger: (1) immediately 
stop sensitive operations (e.g., stop and remove concrete saws used for drilling), (2) move into a safe position on 
site (e.g., remain crouched at the foot of a prop set by the USAR team), and (3) move to a safe area (outside or, 
failing that, inside the building). While the answers obtained clearly point out that the efficiency of these actions 
increases with the duration of the early warning, they are nevertheless considered by some for extremely short 
delays of less than 2 seconds. For such short warning times, it is also pointed out that the reduction of the surprise 
effect brought by an early warning would be in itself an important contribution to allow the team members to 
better anticipate the imminent arrival of seismic ground motions. 

 

Figure 3. Answers to question “In your opinion, would it be useful to have an early warning of the imminent 
occurrence of strong motions related to aftershocks?” 

Another very important notion when considering the contribution of an EEW system to users is to evaluate the 
potential impact of bad predictions. Indeed, the EEW principle being by nature a "race against time", it critically 
highlights the duality between speed and accuracy. Thus, depending on the user's risk aversion, the trigger 
thresholds can be adjusted so as to avoid missed alerts (false negative), or on the contrary false alerts (false 
positive). We decided to address this issue with only one question related to the impact of false alarms.  

Figure 4 shows that false alarms (i.e. alerts in the absence of strong motions) are mostly considered to have a low 
to very low impact in terms of loss of time and therefore efficiency in USAR operations (50.9%). On the other 
hand, only 17.3% of respondents consider this impact to be high or very high. Considering the safety gain offered 
by an early warning, having to preventively stop the search for victims because of a false alarm seems acceptable, 
especially since in this case operations can restart very quickly because it is not necessary to proceed with a new 
inspection of the stability of the buildings in which the search is taking place. However, it appears that these false 
alarms could result in a loss of confidence in the system (Figure 4). However, opinions on this point seem to be 
nuanced, and it is in fact more the repetition of false alarms rather than isolated false alarms that could seriously 
alter the confidence of the teams in the EEW system. 

746 



Auclair et al. Aftershocks early warning for USAR teams 
 

CoRe Paper – Technologies for First Responders 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

 

 

Figure 4. Answers to question 29 – “In your opinion, what would be the impact of a false alarm (i.e. early 

warning but no shaking) in terms of ...?” 

Deployment of the system and dissemination of the alert 

With 5 questions, the last section of the questionnaire aimed at addressing the issue of the system design and its 
operational engagement conditions, in order to draw up the main lines of technical and functional specifications. 

Inspired by existing EEW systems, two functionalities were proposed to be evaluated by the respondents: (1) 
being able to self-configure the trigger threshold in terms of predicted seismic intensity, and (2) being informed 
of the estimated time remaining before the arrival of shaking. Figure 5 shows that the majority of respondents 
consider each of these two functionalities to be important or very important in 74.0% and 73.0% of cases 
respectively. 

Easy to implement, allowing the USAR teams to configure themselves the threshold of the alert system is indeed 
a way to adapt more easily to the specificities of each intervention, with for example a more sensitive threshold 
in case of interventions in very vulnerable and unstable buildings, and on the contrary a higher threshold in case 
of more stable structures with a lower level of threat for the rescuers. Being able to be warned of the time remaining 
before the arrival of the strong motions also presents an intuitive interest, so as to better anticipate the type of 
action that can be undertaken. Thus, depending on their location within the buildings, the USAR team members 
could decide whether to evacuate the building or to go to safety on site depending on the duration of the warning 
time. Contrary to parameterization of the system's triggering threshold by the users, the calculation of this time 
available before the arrival of the strong ground motions is however more tricky and linked to a certain uncertainty. 
As proposed by some EEW on-site methodologies, it is thus necessary to first estimate the epicentral distance 
(Odaka et al., 2003), then to deduce a time of arrival of the strong motions at the site based on the average 
propagation times of the “S” seismic waves. 

Among the four characteristics submitted for evaluation by the respondents, the two considered most important 
are the ease and speed of deployment and configuration of the system, so as not to slow down or USAR operations: 
85.6% and 86.6% of respondents respectively consider these characteristics very important to essential (Figure 
5). Next is the need for battery operated hardware. Although also considered important, minimizing the weight 
and size of the system seems less critical. In fact, the size and weight of the equipment are very important 
parameters during the initial phase of deployment of international airborne rescue systems, but they take a back 
seat once in the field.  
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Figure 5. Answers to questions “How important are the following functionalities & characteristics?” 

As described previously, the hybrid EEW approach is an interesting configuration to operate either with a single 
station or with a set of co-located seismic stations in a small area around the target to be protected, using the 
concept of "warning levels" introduced by Zollo et al. (2010). In order to assess whether this type of configuration 
is realistic with respect to the contingencies of the USAR teams, one question aimed to identify to what extent 
sensor networking would be feasible. Table 2 shows that a large majority of respondents (80.8%) thinks that it 
would be possible to couple different devices in order to network them, whether each of these devices is operated 
by a given USAR team or shared between several teams. 

Table 2. Answers to question “In order to improve the reliability of the early warning system, do you think 

it possible to …?” 

 Yes No Don't know 

Network your device with compatible ones from 
other USAR teams (under the coordination of the 
UCC for example)? 

84 (80.8%) 4 (3.8%) 16 (15.4%) 

Have a system made up of several devices to be 
deployed around the intervention site? 

84 (80.8%) 9 (8.7%) 11 (10.6%) 

 

Because EEW techniques rely on continuous processing of very low amplitude seismic waves, it is also necessary 
to ensure that the device allow for the acquisition of good quality data with a high signal-to-noise ratio (SNR) 
(Caruso et al., 2017). However, due to their activities, USAR teams can generate a relatively high level of seismic 
background noise because of the rubble drilling operations, but also because of the generators used to ensure the 
autonomy of the power supply (the regularity of this noise induced by generators can however be filtered quite 
easily). To reduce this seismic background noise, an effective way would be to move the sensor away from the 
sites to be protected. However, this is not always feasible, especially in the post-seismic urban conditions in which 
USAR teams operate. Respondents consider  such a distance to be all the more difficult the further away it is: if a 
distance of 20 to 50 meters seems entirely feasible, the perception of the feasibility of a greater distance of 50 to 
100 meters is less unanimous. Moving the measurement sensor more than 100 meters away from the intervention 
site seems difficult to envisage (Figure 6).  As one of the respondents explains, to avoid the theft of equipment, it 
is essential that the equipment used by the USAR teams be located within a secure sector, often very close to the 
site where the searches are carried out. 
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Figure 6. Answers to question “In order to reduce interference from the seismic wave recording sensor, do 

you think it possible to move the monitoring device away from the intervention site (away from generators 
in operation and drilling operations)?” 

Finally, the last question concerned the identification of the most appropriate modalities for disseminating early 
warning to the USAR members. The preferred modality is clearly the broadcasting of an audible alert that can be 
heard by everyone on the intervention site, far ahead of the possibility of equipping each member with portable 
receivers. Some respondents thought that it would be interesting to combine the two approaches (i.e. an audible 
alert for all supplemented by an alert received by each member on his own receiver) (Table 3).  

Table 3. Answers to question “In your opinion, what would be the most suitable way to broadcast the early 
warning (a few seconds) of arriving strong motions within your team?” 

Alarm that can be heard anywhere 
on the intervention site 

Reception of the alert via individual 
wearable receivers 

Both Other 

69 (66.3%) 25 (24.1%) 4 (3.8%) 6 (5.8%) 

DISCUSSION 

Based on the responses received, it is possible to outline what an EEW system for aftershocks should look like to 
meet the specific needs of USAR teams. It is worth noting that, contrary to what one might intuitively think, 
respondents' experience has relatively little influence on their perception of the usefulness of an EEW system. 
This strengthens the analysis of the results presented in this article. On the other hand, it is very clear that the more 
experienced the respondents are, the more information they provide in their qualitative responses to the open-
ended questions. 

Following the representation proposed by Becker et al. (2020a), Figure 8 schematically represents a summary of 
the actions considered by survey respondents that could be undertaken by USAR team members based on available 
warning time. These actions attest to a capacity of rescuers to leverage EEWs to better anticipate the imminent 
arrival of seismic shaking, and reduce their exposure to over-damage of building ruins in which they respond. 

Moreover, it appears that some of the actions listed in Figure 8 are exclusive, and that the main criterion for 
prioritizing them is the time available before the arrival of the strong motions. This is the case, for example, for 
the safety actions of the rescuers, with a choice between an option consisting of moving to safety in the immediate 
vicinity if the time available is very short, and another option consisting of moving to a more distant safety zone 
if time permits. As a result, and as indicated by respondents, it seems essential to include a system capability to 
estimate the time available before the arrival of the strongest tremors, similar to some regional EEW systems that 
even perform a countdown of this time. 
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Figure 7. Dependence of perceived usefulness of an EEW system (for a warning time between 5 & 10 
seconds) on respondents' experience in terms of postseismic USAR missions. The thickness of the lines is 
proportional to the number of answers after normalization so that each "Experience" category is equal.  

 

Figure 8. Typical actions that can be taken by USAR team members based on available alert time 

While all USAR teams seem to share the need to protect themselves from aftershocks, their ability to operate an 
EEW system may differ depending on their size, expertise, and skills. Thus, it is worth considering the three levels 
introduced by IEC process for USAR teams based on their minimum standard operational capabilities (INSARAG 
Guidelines, 2020): 

1. Light USAR teams (LUSAR): can be activated quickly, are highly mobile in the field, and are very 
effective in the initial phase of the disaster when access is difficult for the search for victims on the 
surface. With a single rescue team and light equipment, they can work on one site at a time, 12 hours a 
day, for seven consecutive days; 
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2. Medium USAR teams (MUSAR): with heavier and more important means than the previous ones, 
allowing to carry out more technical operations, they are projectable and autonomous. With two rescue 
teams taking turns on a regular basis, they are capable of managing a site 24 hours a day, for seven 
consecutive days. 

3. Heavy USAR teams (HUSAR): also projectable and autonomous, their contract is to ensure the 
simultaneous management of two sites far from each other, 24 hours a day for 10 consecutive days. To 
do this, they have four rescue teams working in pairs. 

Since one of the basic rules for USAR teams is that they must be completely self-sufficient in their response, it is 
necessary that the EEW system be designed to support and be operated by a single team. However, while LUSAR 
and MUSAR teams only need to operate at one site and can therefore rely on a single site-specific EEW system, 
HUSAR teams may need to employ personnel simultaneously at two potentially remote sites. In this case, the 
EEW solution must either be able to manage the multi-site, or be acquired in duplicate by the HUSAR teams. 

Concerning its use, the EEW solution must be as compact as possible, in order to respect the strong constraints of 
transporting the equipment on site. Moreover, it must also be easy and quick to deploy and configure, without 
requiring any seismological skills. It could for example be operated under the coordination of the Safety & 
Security Officer present in each USAR team, whose mission is to ensure the safety of the team, and who must 
know and use the available tools and protective equipment. The security officer could also be supported by the 
communications specialist (specific position within the MUSAR and HUSAR teams) for aspects related to data 
transmission and possible networking of EEW devices.  

Most of the technical specifications aforementioned seem to be already met by the FREQL-light system (personal 
communication), whose real performances remains to be proven. Another interesting alternative seems to be the 
development of ad hoc solutions based on the use of low-cost MEMS sensors, which offer three particularly 
interesting advantages in the context of USAR operations: low cost, low weight/size, low power consumption. A 
recent study by D'Allessandro et al. (2020) confirms that these sensors are suitable for the specific case of on-site 
EEW. 

Close examination of how USAR teams operate in the field also allows us to imagine different modes of 
deployment of EEW solutions (Figure 9): 

- EEW solution specific to each USAR team: 

a) Solution based on a single sensor located in close proximity to the USAR site to be alerted; 

b) Solution based on the networking of several sensors located in the immediate vicinity of the USAR 
site to be alerted; 

c) Solution based on the networking of one or more sensors located in the immediate vicinity of the 
USAR site to be alerted, supplemented by a fixed sensor located at the base of operations (BoO). 

- Solution shared by networking the equipment of each USAR team: 

d) Solution based on the networking of all the sensors deployed in the field by the different USAR 
teams involved. 

- Configuration a is the one that most easily satisfies all the technical specification criteria. By multiplying 
the sensors and networking them together, configurations b, c and d would necessarily lead to a bulkier 
equipment and a greater deployment complexity; on the other hand, they would theoretically allow a 
significant gain in reliability. 

Although offering more efficiency in terms of early warning potential, it is noteworthy that configurations c and 
d must be considered taking into account the fact that the BoO is often very far from the worksites. In addition, 
USAR teams can work in areas far apart from each other during the successive levels of Assessment, Search and 
Rescue – ASR (INSARAG Guidelines, 2020). Moreover, configuration d, which would allow the implementation 
of a regional EEW mini-system respecting the essential principle of autonomy of the USAR teams (i.e. each team 
must deploy its own equipment), could be operated under the responsibility of the entity that coordinates all the 
USAR teams deployed, called "UCC" (USAR coordination cell). 

In the perspective of using this type of EEW system within a national civil protection organization (and not in the 
case of international reinforcements), this principle of networking of single EEW devices could also include the 
seismic sensors deployed by the teams in charge of monitoring the aftershocks, so as to strengthen the ability to 
detect incoming strong motion as early as possible. Such an arrangement would improve the overall reliability of 
early warning at each site, which would particularly benefit USAR teams without such a tool. On the other hand, 
this would require compatibility of all individual EEW systems (same type of equipment or interoperable 
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solutions), as well as the ability to network the different components of the system in environments where 
communication infrastructures are likely to be heavily damaged. This also raises questions regarding data 
processing, either via a centralized system that is cumbersome to implement in the field and probably not 
compatible in terms of processing speed, or more realistically in a distributed manner at the level of each unit. 

It is worth noting that networking EEW sensors would also increase the complexity of the deployment (setting up 
a distributed network beforehand, establishing communications and verifying them, testing the proper functioning 
of network-based detection tools), while the size of the devices would be bigger with less battery life and more 
prone to failure if not properly designed, as well as probably much more expensive. In addition, networking 
constraints imply that field teams include a specialist or that they be specifically trained to operate this kind of 
equipment. Finally, legal considerations may also pose practical problems in bringing and operating equipment 
emitting radio waves for communication in foreign countries.  

 

Figure 9. Schematic representation of the different configurations proposed for the deployment of an on-
site aftershock EEW solution for USAR teams. 

CONCLUSION AND PERSPECTIVES 

This study uses the results of a questionnaire survey of 104 USAR team members from 11 different countries, 
structured to identify the extent to which an EEW system could address the need for protection of rescuers from 
the high risk of collapse of ruins (in which they operate) due to aftershocks. Although relatively limited, this panel 
is particularly interesting because it is composed exclusively of specialists in the USAR field. We note that the 
responses come from international teams scrupulously following the international USAR standards defined in the 
INSARAG guidelines, as well as from teams with various organizational and response references (national teams 
and NGOs). The individual respondents had varying levels of experience with post-earthquake USAR missions 
in real conditions. Aware that this wide variety of respondent profiles is likely to affect the responses collected, 
we made sure to analyze them in a contextual manner so as to put the results obtained into perspective with the 
varied practices of USAR teams. Furthermore, as shown in Figure 7, respondents' experience appears to have only 
a second-order impact on the perceived usefulness of an EEWS. 

First, we found that USAR team members were highly exposed to the risk of collapse of vulnerable structures due 
to their destabilization by aftershocks. This risk results from the prolonged exposure of these first-responders 
within ruined buildings in the post-seismic period during which the probability of strong aftershocks is the highest. 
Furthermore, it is interesting to note that the respondents have a clear perception of this risk, and that they measure 
the critical need for them to protect themselves from it. Thus, the field experience of many rescue workers 
confirms that USAR operations conducted after destructive earthquakes are frequently interrupted due to the 
occurrence of aftershocks. 

Therefore, it is not surprising to note a very positive and enthusiastic response from respondents to the prospect 
of being able to react in anticipation thanks to an EEW system capable of issuing an alert a few seconds before 
the arrival of strong ground motions at the site. With warning times often less than ten seconds, the perceived 
benefits of these early warnings range from simple psychological preparation to reduce the surprise effect for 
extremely short alerts, to the possibility of reducing one's exposure to risk by moving to a safe position, going to 
a safe zone, or stopping dangerous activities when time permits. It is also interesting to note that, contrary to other 
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sectors of activity whose criticality makes false alarms unacceptable and the EEW principle almost inoperative, 
the impact of isolated false alarms on USAR activities seems relatively limited, which makes it possible to take 
full advantage of the potentialities of EEW systems by configuring very sensitive triggering thresholds 
maximizing rescuers' safety. 

Finally, this research also provides answers to the rarely addressed question of how the system can be deployed 
and used operationally. While conventional regional EEW systems are based on fixed perennial seismic 
instrumentation, the use case considered here implies a capacity for rapid deployment in degraded conditions and 
on a territory potentially unknown to the responders (in the case of international reinforcements). This turns into 
strong constraints in terms of weight and size, as well as ease of deployment and configuration. 

As the study shows, although USAR practices remain heterogeneous from one country to another, the UN 
INSARAG group is tending to structure the international USAR community in a profound and lasting way, by 
proposing guidelines and a certification system aimed at guaranteeing the interoperability of international 
reinforcements mobilized after the most devastating earthquakes. This is a strong opportunity to go further in the 
development of EEW solutions for USAR teams. Indeed, beyond the fact that this may constitute a market sector 
sufficiently homogeneous to motivate the involvement of specialized industrialists, the INSARAG community 
can facilitate the appropriation of such tools. 

Moreover, if this organizational interoperability of USAR teams is coupled with a high-level technological 
interoperability, it is also possible to consider the exploitation of the principle of hybrid EEW system to improve 
the early warning performances by networking on-site EEW devices. 

Last but not least, it is important to point out that this type of EEW systems would not be able to prevent collapses 
occuring under static conditions. The risk of collapse therefore remains and must in any case be dealt tactically 
and operationally (structural monitoring) by the USAR teams. 

ACKNOWLEDGEMENTS 

This article was funded by the European Union’s Horizon 2020 research and innovation program under grant 

agreement TURNKey No 821046. Opinions expressed in this paper solely reflect the authors' view; the EU is not 
responsible for any use that may be made of information it contains. The authors would like to warmly thank the 
members of the French civil protection who supported this study and made it possible to distribute the 
questionnaire to the INSARAG community: Lieutenant-Colonel C. Debray and Colonel B. Ulliac.  

REFERENCES 

Allen, R. M., & Melgar, D. (2019). Earthquake early warning: Advances, scientific challenges, and societal 
needs. Annual Review of Earth and Planetary Sciences, 47, 361-388. 

Auclair, S., Goula, X. et al. (2015). Feasibility and interest in earthquake early warning systems for areas of 
moderate seismicity: Case study for the Pyrenees. Pure and Applied Geophysics, 172(9), 2449-2465. 

Bakun, W. H., Fischer, F. G. et al. (1994). Early warning system for aftershocks. Bulletin of the Seismological 
Society of America, 84(2), 359-365. 

Becker, J. S., Potter, S. H., et al. (2019). When the earth doesn’t stop shaking: How experiences over time 

influenced information needs, communication, and interpretation of aftershock information during the Canterbury 
Earthquake Sequence, New Zealand. International journal of disaster risk reduction, 34, 397-411. 

Becker, J. S., Potter, S. H., et al. (2020a). Scoping the potential for Earthquake Early Warning in Aotearoa New 
Zealand: a sectoral analysis of perceived benefits and challenges. International Journal of Disaster Risk 
Reduction, 51, 101765. 

Becker, J. S., Potter, S. H., et al. (2020b). Earthquake early warning in Aotearoa New Zealand: a survey of public 
perspectives to guide warning system development. Humanities and Social Sciences Communications, 7(1), 1-12. 

Caruso, A., Colombelli, S., et al. (2017). An on‐site alert level early warning system for Italy. Journal of 
Geophysical Research: Solid Earth, 122(3), 2106-2118. 

Cooper J.D (1868) – Letter to editor, San-Francisco Daily Evening Bulletin, Nov. 3, 1868. 

Cremen, G., & Galasso, C. (2020). Earthquake early warning: Recent advances and perspectives. Earth-Science 
Reviews, 205, 103184. 

D’Alessandro, A., Scudero, S. et al. (2020, July). Optimization of low-cost monitoring systems for on-site 

753 



Auclair et al. Aftershocks early warning for USAR teams 
 

CoRe Paper – Technologies for First Responders 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

 

earthquake early-warning of critical infrastructures. In International Conference on Computational Science and 
Its Applications (pp. 963-975). Springer, Cham.  

Kelman, I., & Glantz, M. H. (2014). Early warning systems defined. In Reducing disaster: Early warning systems 
for climate change (pp. 89-108). Springer, Dordrecht. 

INSARAG Guidelines (2020) International Search and Rescue Advisory Group. United Nations office for the 
coordination of humanitarian affairs. https://www.insarag.org/guidelines  

Kanamori, H. (2005). Real-time seismology and earthquake damage mitigation. Annu. Rev. Earth Planet. Sci., 33, 
195-214. 

McVerry, G. H., Cousins, W. J., et al. (2005) How big, how often and how strong? Aftershocks and urban search 
and rescue operations. 

Nakamura, Y., Saita, J., & Sato, T. (2011). On an earthquake early warning system (EEW) and its 
applications. Soil Dynamics and Earthquake Engineering, 31(2), 127-136. 

Nakamura, Y., & Saita, J. (2007). FREQL and AcCo for a quick response to earthquakes. In Earthquake early 
warning systems (pp. 307-324). Springer, Berlin, Heidelberg. 

Odaka, T., Ashiya, K., et al. (2003). A new method of quickly estimating epicentral distance and magnitude from 
a single seismic record. Bulletin of the Seismological Society of America, 93(1), 526-532. 

Okita, Y., Shaw, R., & Minato, Y. (2021). Regulating incoming international search and rescue teams in the 
response phase. Journal of Contingencies and Crisis Management, 29(1), 108-114. 

Omori, F. (1894). "On after-shocks." Seismological journal of Japan 19: 71-80. 

Reinoso, E., Jaimes, M. A., & Esteva, L. (2018). Estimation of life vulnerability inside buildings during 
earthquakes. Structure and Infrastructure Engineering, 14(8), 1140-1152. 

Statheropoulos, M., Agapiou, A., et al. (2015). Factors that affect rescue time in urban search and rescue (USAR) 
operations. Natural Hazards, 75(1), 57-69.  

Peng, C., Chen, et al. (2017). A new type of tri-axial accelerometers with high dynamic range MEMS for 
earthquake early warning. Computers & Geosciences, 100, 179-187. 

Wong, J., & Robinson, C. (2004). Urban search and rescue technology needs: identification of needs. Federal 
Emergency Management Agency (FEMA) and the National Institute of Justice (NIJ). Document, 207771. 

Wu, Y. M., Kanamori, H. (2005). Rapid assessment of damage potential of earthquakes in Taiwan from the 
beginning of P waves. Bulletin of the Seismological Society of America, 95(3), 1181-1185. 

Zollo, A., Amoroso, O., et al. (2010). A threshold-based earthquake early warning using dense accelerometer 
networks. Geophysical Journal International, 183(2), 963-974. 

754 

https://www.insarag.org/guidelines


Kyriaki Christaki et al. AR POIs for improved FR situational awareness

Augmented reality points of interest for
improved first responder situational

awareness

Kyriaki Christaki∗
Visual Computing Lab (VCL),

Information Technologies Institute (ITI),
Centre for Research and Technology - Hellas

(CERTH),
Thessaloniki, Greece †

kchristaki@iti.gr

Dimitrios Tsiakmakis
Visual Computing Lab (VCL),

Information Technologies Institute (ITI),
Centre for Research and Technology - Hellas

(CERTH),
Thessaloniki, Greece

Ivanka Babic
Research Development (R&D) Lab,

Engineering Ingegneria Informatica S.p.A.,
Belgrade, Serbia

Guillaume Inglese
Defense and Security Business Line,

CS Group,
France

Konstantinos Konstantoudakis
Visual Computing Lab (VCL),

Information Technologies Institute (ITI),
Centre for Research and Technology - Hellas

(CERTH),
Thessaloniki, Greece

Gabriele Giunta
Research Development (R&D) Lab,

Engineering Ingegneria Informatica S.p.A.,
Palermo, Italy

Anastasios Dimou
Visual Computing Lab (VCL),

Information Technologies Institute (ITI),
Centre for Research and Technology - Hellas

(CERTH),
Thessaloniki, Greece

Olivier Balet
Defense and Security Business Line,

CS Group,
France

Petros Daras
Visual Computing Lab (VCL),

Information Technologies Institute (ITI),
Centre for Research and Technology - Hellas

(CERTH),
Thessaloniki, Greece

∗corresponding author
†http://vcl.iti.gr/

CoRe Paper – Technologies for First Responders
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022

755 

mailto:kchristaki@iti.gr
http://vcl.iti.gr/
http://vcl.iti.gr/


Kyriaki Christaki et al. AR POIs for improved FR situational awareness

ABSTRACT

Situational awareness is a vital component of any disaster response mission, both in terms of first responder (FR)
safety and efficiency. Points of interest (POI) can pertain to hazards known beforehand, risks discovered during the
course of a mission, victims, entry and exit routes, important equipment, and more. Although communications
and technical means can expand an individual FR’s situational awareness, they depend on clarity and can increase
cognitive load, as this expanded volume of information must be held in each FR’s memory.

Augmented reality (AR) can visualize POIs in context with the environment in a clear and intuitive way and reduce
cognitive load as the don’t rely on a user’s memory. This paper presents an AR solution for FR team situational
awareness, comprising four interconnected and collaborating situational awareness tools sharing a common pool of
virtual POIs, alongside a range of different functionalities particular to each.

Keywords

First responders, augmented reality, point of interest, UAV

INTRODUCTION

First responders (FRs) often operate in chaotic environments fraught with risks, both for civilian victims and the FRs
themselves. Situational awareness (SA) is defined as a person’s general knowledge about a dynamic environment
and comprises 3 main phases: perception of the relevant elements (or Points of Interest - POIs), their relation to the
operation goals and projection of the operation environment future states (Endsley 1995). POIs relevant to response
missions can include hazards, victims, entry and exit routes, important equipment, and more. In the course of a
response mission good situational awareness can have a very significant impact on FR safety, the minimization of
casualties, and the overall mission’s success.

Besides an individual’s own, live perception, situational awareness can be enhanced by pre-existing knowledge (e.g.
known static hazards, such as a shaft drop), memory (elements perceived earlier which are not currently perceived,
such as a victim located in a room the FR has now exited) and the perception of other team members, command and
control (C2), or technical equipment (e.g. cameras). Although the above can greatly increase an FR’s situational
awareness, they also raise concerns of communication clarity (how accurately a team member can communicate
what they perceive) and cognitive load, as communicated information will need to be parsed, interpreted, classified,
and held in memory. Information influx can reduce efficiency even as it increases the capacity for situational
awareness.

Augmented Reality (AR) can visualize information in context with the real environment, and keep this information
clearly stand out even in conditions of reduced visibility (e.g. smoke, low light, or changing environment). These
qualities make it an ideal technology for supporting complex operations with enhanced situational awareness, while
offering new perspectives for optimised cognitive load and information sharing. This work presents an AR solution
for team situational awareness, acting as an semi-automated shared virtual notepad for mission POIs. Providing AR
visual markers to mark the location of POIs and a collaborative system to view and manage them, FRs can have a
more precise and more intuitive understanding of mission-relevant elements.

The solution includes four interconnected and collaborating tools developed in the context the EU-funded project
FASTER 1, each of which participates in the creation and viewing of the shared POIs, while also featuring a range
of additional functionalities:

1. A Common Operational Picture (COP) web-based application, on which POIs can be managed in the C2.

2. A situational awareness AR app that allows FRs to view the shared POIs in their corresponding location in the
real world and create new POIs, while also tracking the user’s location and providing additional situational
awareness and navigation aids on an AR minimap.

3. An integrated UAV control app, which includes gesture control, live video feed projected in AR, and the
ability to create POIs perceived by the UAV.

4. An on-demand UAV-driven mapping and AI-annotation tool, which directs a swarm of UAVs to scan and
photograph an affected area, merges the photographs into a geo-localized map, automatically detects possible
victims, and generates the respective POIs.

1https://www.faster-project.eu/

CoRe Paper – Technologies for First Responders
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022

756 

https://www.faster-project.eu/


Kyriaki Christaki et al. AR POIs for improved FR situational awareness

The presented solution can have multiple benefits to response missions, resulting in greater safety and efficiency:

• Reduced cognitive load, as FRs don’t need to remember exactly all the POIs - they can see them on their AR
displays.

• Increased intra-team communications precision, as FRs don’t need to interpret verbal descriptions (“there is a
risk on the first floor, about 3m beyond the stairs”).

• Increased team cooperation, as individual FRs, the C2, and UAV pilots can all contribute to the team’s
situational awareness.

The rest of this paper is organized as follows: Related work provides a review on current solutions to FR situational
awareness, including AR. System architecture describes the proposed solution’s architecture, the structure of
POIs, and hardware and communication channels used, while Tools includes a brief overview of the four tools
collaborating in this solution. Operational use-case scenarios outlines some of the possible use-cases for shared AI
POIs, and Field trial demonstration and evaluation presents both early feedback and plans for upcoming evaluation
and piloting events. Finally, Conclusions and future work summarizes the paper and outlines future plans.

RELATED WORK

Situational awareness for Emergency Response

High level of SA facilitates efficient decision making and overall performance in dynamic systems as is a crisis
situation. In emergency response situations, different responding agencies, with different roles are required to
operate and collaborate in the same environment to pursue an overarching goal. For example in a collapsed building
emergency, different types of FRs may be responsible for different mission objectives: firefighters to assess the
damage, identify dangerous spots, locate and extract trapped victims; paramedics to attend to victims; and police
to secure the area. In such complex situations, high level of Distributed Situation Awareness (DSA), accounting
for "how whole systems perceive and maintain understanding in a collaborative complex system", is considered
suitable for optimizing emergency response (O’Brien et al. 2020).

A variety of approaches on improving Situational Awareness for emergency response have been investigated and
are available in the literature: Van de Walle et al. 2016 investigate how enriching raw incoming information and
utilizing a central coordinator for appropriate information distribution among the team members improves situational
awareness. The use of crowd sourcing and social media content is another common approach (Pogrebnyakov and
Maldonado 2018, Watson and Rodrigues 2018, Basu et al. 2016). Many works utilize smart phones and tablets to
provide SA tools focusing mainly in localization and mapping during crisis situations. Tashakkori et al. 2015 propose
a spatial indoor/outdoor city model with embedded critical information to be used for orienting and navigating
inside buildings during emergency situations. Berbakov, Pavkovic, et al. 2015 propose a smartphone-based indoor
positioning system, for situational awareness during emergency situations, capable of providing information in
environments without GNSS coverage. An Android application for collaborative mapping is suggested by Berbakov,
Tripi, et al. 2017. In the studied case, emergency responders were able to collaborative create a map of the field and
upload multimedia files in order to visually communicate the situation.

Augmented Reality for Situational awareness

Figure 1. Concept example of an AR application
for improving Distributed Situational Awareness.

Augmented Reality is defined as an intermediate state of the
reality-virtuality continuum, referring predominantly to the
augmentation of an otherwise real-world environment with
virtual, computer graphic generated, objects (Milgram and
Kishino 1994). AR is able to offer a perceptually enriched
experience as real-world objects are enhanced by computer-
generated information and is proven to be an effective ap-
proach to improve and assist several cognitive, operational,
information-critical and SA related tasks. In an early work
in the field, Sacks et al. 2013 has demonstrated a case of
VR training in construction safety. D’Anniballe et al. 2020
showcased an application of AR simulation in air accident
investigation. In that case, a real air-craft crash scene is
recreated using AR, allowing the specialists to investigate and train using a low cost approach.
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In emergency management, AR has demonstrated a significant number of conceptual or market-ready applications
in pre-emergency preparedness, emergency response and post-emergency recovery (Zhu and Li 2021) as AR is
capable to facilitate SA and DSA; an example is presented in 1. In pre-emergency preparedness, Sebillo et al. 2016
used a, relevant to our approach, POI solution in 2D mapping to visualize geographic points in an AR interface for
smartphones.In the same direction, Frøland et al. 2020 applied AR in live training to treat severe wound injuries after
disasters. In emergency response, depending on the nature of the event and the case-specific conditions, there are a
lot of heterogeneous tasks to be performed and objectives to be attained during a crisis event. In building evacuation
cases, Ahn and Han 2012 introduced an evacuation method using AR into a smartphone. Using the application,
evacuees were able to see the evacuation route as a rendered path overlaid on top of the building corridors on their
smartphone displays. Sharma et al. 2020 explored a different approach for an AR-based, situational awareness
improving, building evacuation application. The application goal is to help the users abandon the building fast and
efficiently by presenting the fastest evacuation plan in a 3D-map visualization where the user’s current position
was displayed as a point and the evacuation route was indicated using arrows. In post-emergency recovery, AR
applications are limited and focus mainly on damage assessment. Liu and Bai 2021 proposed a Building Information
Modeling (BIM) based method in post-earthquake building retrofitting where operators could explore the building
with detailed damage awareness in an AR environment.

SYSTEM ARCHITECTURE

Points of interest

A point of interest (POI) is defined as a specific physical position (point location) that someone may find useful or
interesting. In general, it may correspond to the past, present, or future location of a person, event, device, or any
other entity of interest. The term POI is widely used in cartography, especially in electronic variants including
GIS, and GPS navigation software. As GPS-enabled devices, as well as software applications that use digital maps,
become more available, the applications for POI are also expanding. POI data provides users information about a
specific place, such as where it is located, what is its name or function, and in general what else is there to know
about it.

A GPS point of interest, also known as geo-localized annotation, should at minimum specify the latitude and
longitude of the POI, assuming a certain geodetic datum. It could also include other properties such as the name
and/or description of the POI, and additional information such as altitude, specific POI category (or type), its status,
etc. GPS applications typically use icons to represent different categories of POI on a map graphically.

Several POI types are defined, including: Switch, Valve, Risk, Victim, Exit and Equipment. These types are identified
as main recognized information of interest at specific infrastructures where the tools are already demonstrated, and
any additional POI types identified as useful could be easily included in this list. Some of these types could also
have POI SubTypes. Examples are Water, Gas, and Electrical, which are sub-types of Switch or Valve POI types,
while Electrical, Fail, Biological, Nuclear and Other are subtypes of the Risk POI type. For each of so far included
types, a specific graphical symbol to represent it on the geographic map is defined, f.e. colored rectangle or triangle
with specific icon and/or POI sub-type name.

Besides type and subtype, each POI has GPS coordinates, specified with Longitude and Latitude. There is also a
Floor, which is used for indoor POIs, to identify the specific floor in the building where POI is recognized (e.g., -1,
0, 1, 2. . . ). POI could also contain other information such as POI Header and POI Info, and other relevant metadata
identifying origin of creation, such as: ID (identifier of the POI, UUID), User ID (identifier of the project logged-in
user who added the POI), Time (timestamp when POI is created), Team ID (identifier of the team executing the
mission on the field), and Device ID (identifier of the device used).

Hardware

HoloLens 2 (Figure 2, top) is an mixed and augmented reality headset blending holograms with the user’s world
and mapping its surroundings to remember where interactive content is placed. It is an optical see-through device
allowing the user to see its environment naturally. It can display 2D and 3D augmentations that overlay the real
world, thus both virtual and real objects appear to belong to the same environment offering a real Mixed-Reality
experience. The HoloLens features an inertial measurement unit (IMU), four visible light cameras (two on each
side , for the head tracking), and a depth camera, which allow it to map the environment. Over time, the HoloLens
builds up a spatial map of the environment that it has seen and updates the map as the environment changes or as
the user moves around. Moreover, Hololens 2 support users hand tracking; it is able to recognized the hand of
the users and the specific hand gestures performed by the user. In addition, the HoloLens has built-in Wi-Fi and
Bluetooth connectivity capability.
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Figure 2. Top: The Microsoft HoloLens 2, used to
create and visualize AR POIs, track the position of

the FR wearer, control UAVs with hand gestures, and
display the UAV’s camera video feed in context with

the environment.
Bottom: the DJI Mavic 2 Enterprise Dual, used to

test gesture control, extended vision in AR, and
mapping.

The HoloLens 2 is nowadays often used for training or
education in various domains such as medical, healthcare,
industrial and manufacturing, allowing it to move from a
static 2D content to appealing 3D holographic scenarios.
It is also a very interesting tool for marketing and design
allowing an immersive mixed reality experience with 3D
environments rendered over the real world. The HoloLens
even moves to productive environment with the release
of industrial edition validated for clean rooms2 or field
production and maintenance with a hardhat-integrated
version.3

UAV integration has focused on DJI drones supported by
the DJI Mobile SDK4. Initial development and testing
were performed on the DJI Mavic 2 Enterprise Dual
(Figure 2, bottom) and the DJI Mavic Mini. A companion
Android application based using the SDK provided the
interface between the UAVs and the other components.

Communications

Inter-tool communication was implemented through
Apache Kafka5, a message broker supporting both bi-
nary and JSON formats and incurring minimal latency.
Kafka’s contents are organized into topics, with POIs
being exchanged through a dedicated topic accessed by
the four cooperating tools. Messages are structured in a
JSON format which include POI type, GPS coordinates,
floor level, the IDs of the POI itself and the tool that
generated it, as well as any additional info. A dedicated
JSON field notes if the message pertains to POI creation
or deletion.

In order to share POIs, all tools must be connected to the Internet. The COPmaintains a constant landline connection,
while mobile devices such as the HoloLens, connect either by Wi-Fi to a local network granting Internet access,
or directly to the Internet through 4G or 5G (through tethering to a SIM-bearing device, in the HoloLens’s case).
In case of use in areas with no Internet access, all tool-specific services, as well as the COP and Kafka, can be
deployed on a local network.

Inter-tool synergy

This simple but effective architecture allows different tools to create POIs easily and share them with each other
simply by posting a message to Kafka. POIs can be created beforehand, using background information already
known before a mission, or on the fly, with POIs being created and deleted as the mission progresses, risks re
discovered and mitigated, victims found and rescued. Share POIs can be a valuable tool both at the C2 level, for
monitoring and tactical planning, and the individual FR level, for expanded situational awareness and keeping track
of multiple POIs.

As sharing is based on short JSON messages, it is easily compatible with all devices and consumes negligible
bandwidth, as each message is less than 1 KB in size. The next section presents the four tools that are currently
collaborating and sharing POIs between them. However, the presented architecture is easily expandable to include
additional tools, such as mobile navigation apps, wearable (smart watch) apps for both warning and tagging, UxV
autonomous navigation by POI, citizen localized distress signaling through external POI generation, and more.

2https://www.microsoft.com/en-us/d/hololens-2-industrial-edition/8mqn5pzp01x5?activetab=pivot:overviewtab
3https://fieldtech.trimble.com/en/products/mixed-reality/trimble-xr10-with-hololens-2
4https://developer.dji.com/mobile-sdk/
5https://kafka.apache.org
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TOOLS

The presented solution encompasses four interconnected and collaborating tools developed in the context the
FASTER project, aiming at increasing the safety and efficiency of FRs. The four tools access a shared pool of
POIs and include the capability to create, view and/or manage them. In addition, each tool offers a range of other
functionalities relevant to disaster response. This section briefly presents each of the contributing tools, describing
their capabilities while focusing on their interaction with the POIs.

Common Operational Picture

The FASTER Common Operational Picture (COP) is a web-based application for improving situational awareness
while handling the disaster scene’s critical situation. The COP collects, normalizes, and visualizes all the data
arrived from heterogeneous sources (e.g. environmental and biometric sensors, UAVs, UGVs, mobile devices,
AR devices, social media analysis, weather station positions and measures, etc.), to create an overall situational
picture in a single dashboard. The COP is operative with or without an Internet connection and is provided, with
different privileges, to both the incident commanders operating at the control centre (C2) and the team leaders or
FRs operating on the field, to give them a clear perception of the disaster scene. Leveraging on the inputs coming
from project components, the COP provides a detailed picture of a current situation, even updated in real-time, in
the area affected by the hazard, preserving FR safety and mitigating the consequences of a disaster more efficiently.
By using the Geographic Information System (GIS) and in collaboration with other modules, the COP provides the
current positions of all engaged subjects (e.g., FRs, UxVs, dogs with animal wearables, AR users), the distance
between them, data about their physical state, activity status, and any other collected data. Each item on the map
is presented using descriptive visual elements (e.g., color, icon, animation), making it easier to understand their
type and activity. A new critical area with all specific details can be defined on the map by the commander and
visualized by all users. Processing and visualizing data collected from UxVs (e.g., UAVs and UGVs) such as images
and videos, gives a detailed overview of the consequences of the disaster, and a better starting point for quality
mission planning. Moreover, it is possible to create a new mission using COP, to assign it to the specific team
member, edit particular mission details, change its status, inspect all created missions, etc.

COP POI interface

Among all various kinds of COP functionalities of which some main are mentioned, COP also provides an
easy-to-use interface for interacting with geo-localized annotations, i.e., POIs, of different POI types (e.g., risk,
victim, exit, switch, etc.). This interface includes: new POI creation; inspecting all created POIs shown in the
global POIs list (with view details of each); focusing geographical map at the spot of particular POI selected from
the list; and deletion of POI (one which is considered as not relevant to be shown any more).

Figure 3. The FASTER COP interface, showing the POI creation dialogue.
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Figure 4. Inspection of POIs in the FASTER COP.

POI creation

The COP user (commander in Control Centre) is able to create new POI on whatever geographic location on the
map very easily. After a successful login, the first thing that the user will see is the interactive map which takes the
most significant part of the COP’s User Interface. The map is supported with clustered visualization capabilities and
provides the place where all the data containing any geo-localized information is visualized. Just by a single (right)
mouse click, at any selected location on the map, a simple panel for creating a new POI is opened to the user (as
shown in Figure 3). Using this panel, the user can select POI Type from the list of all available, select its SubType if
it is relevant, set POI Header and Info, choose a floor level, and click on save. After this, notification “POI created
successfully” is immediately shown to the COP user, and it is also shared with the other POI-sharing tools.

POIs inspection

All POIs are shared between the collaborating tools and are visible on the map, using descriptive visual elements at
appropriate locations. As an interactive map is usually focused on the place of the current emergency situation, that
is the place where the user has a detailed view of all POIs which are relevant to that particular situation, as shown
with red polygoon and various POIs inside of it, in Figure 4. Moreover, every newly generated POI is immediately
added into a global list, shown at black panel at the right side of picture in Figure 4. Besides POIs related to a
particular critical situation, which are already visible on the current focus of the map, this list contains all POIs
belonging to other disaster situations, in different geographic areas, and therefore not visible on the dashboard at
the moment. For this reason, there is a green visual circled symbol next to each POI in the list, which facilitates
immediate navigation of the user to different geographic areas on the map, with automatic focus on location of the
chosen POI. There is also a red garbage bin icon for POI deletion, where on click POI disappears both from the list
and from the map, as well as down arrow icon, where on click all the details of selected POI are shown. In order to
not overload users with multiple POI icons on the map while they are inspecting another critical issue, a blue toggle
at the top of the global POI list, allows POI visualization to be turned ON or OFF.

Situational awareness AR app

First Responders are assisted in their tasks by an AR application offering targeted situational awareness and real-time
collaborative capabilities enabling FR to contextually access information previously inaccessible. The AR system
displays immediate threat information, mission information and its current location information to the user on an
on-demand minimap. The minimap is also enriched with additional information, such as team members, victims,
and POIs. Special attention has been paid to keeping the Field of View (FoV) of the user clear and displaying
information primarly on-demand or on a specific area of the FoV.

The minimap
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Figure 5. The minimap, as displayed in AR in the
HoloLens 2. The blue arrow in the center shows the

location and facing of the user. The green circle
shows another team member, while nearby POIs are

also displayed.

The AR application allows the visualization of a 2D map
as a hologram, displayed static in the environment and
placed at a comfortable distance from the FR, as shown
in Figure 5. It displays map data of the area where the
user is, coming from OpenStreetMap 6. So, regardless
of their location, users always have a background map
available. On top of the map, the user position is indicated
with a blue arrow and the user identifier. The tip of
the arrow gives the user’s orientation. As the user’s
direction changes, the map rotates to reflect the user’s new
orientation. Complementary to the user’s current position,
other FRs locations are indicated (with a green dot and
the FR identifier) along with the shared POIs (displayed
as icons on top of the map). Finally, when a blueprint of
the building is available, the indoor layer is also depicted.

Holograms of the POIs

The AR application takes advantage of the HoloLens’s
capabilities to display holograms of the POIs (Figure 6)
in the nearby environment of the user, thus providing
them with a hands-free visualization of hazard, victims,
or other important information contextualised within the
real world.

Figure 6. First-person view of AR POIs: the green
triangle in the center indicates the location of a

victim, while the red and white triangle on the left
and further back shows an electrical risk.

As the POIs are geo-referenced, we have researched and
developed means to match geographical coordinates to
the HoloLens space. To do this, we used a QR Code
embedding coordinates (latitude and longitude) and placed
it, aligned to the geographical north, at the corresponding
position in the real world. Once scanned, we retrieve
the coordinates of the QR Code and place the shared
POIs holograms accordingly in the environment. This
mechanism not only matches the position of objects in
the virtual space to a common reference system (WGS84),
but it also allows the position and orientation of the user
wearing the HoloLens to be tracked. In addition to the
geographical position, we have also encoded into the QR
code a number indicating the floor where it is placed,
allowing the minimap to automatically switch the indoor
blueprint and display to the user the layer of the current
floor.

Finally, the application also provides the FR user with the capability to create and share a POI directly from the
field using dedicated voice commands or holographic buttons that pop-up, on-demand, next to their hand, as shown
in Figure 7. In addition to the type of POI, the geographical position and its floor are automatically forwarded to the
rest of the tools.

UAV control app

Part of the synergy of tools we developed for facilitating emergency and rescue operations, is an additional AR
application for controlling UAVs using hand gestures and voice commands. The rationale behind this approach is
that quite often during emergency operations FRs need to carry various tools and equipment and being able to
control the UAVs without the need of a specialized controller and by using only one hand or even voice commands
would by useful.

Gesture control

The user of the HoloLens 2 AR app is able to control the drone of choice using one hand (default is the right hand)
and performing intuitive palm gestures that simulate the drone movement. Making the hand into a fist corresponds

6https://www.openstreetmap.org/
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Figure 7. POI creation from the situational awareness AR app. Left: a menu presents different types of POIs as AR
buttons, allowing the user to select one. Right: the POI is added and displayed in front of the user’s position.

to braking and stopping, while having the palm open and the fingers extended and tilting to the front instructs the
drone to move forward. In the same manner, an extended palm rotating to the right instructs the drone to turn
right. When the user’s hands are occupied performing another task the drone stays in place and waits for the next
commands. Additionally, the user can use voice commands to perform high level tasks, e.g. drone landing/takeoff.
In a similar approach, using the other hand, by default the left hand, and by performing similar palm gestures
the user can control the UAV’s camera viewing direction and view the video feed inside the HoloLens 2 display.
Additional features include a "Periscope" mode, where the drones viewing direction follows the user’s viewing
direction, for example when the users rotates her head to look 10◦ North, the UAV turns to the exact same direction.
This mode allows for a quick and intuitive inspection of the surrounding environment, a feature very useful in search
operations.

Extended vision

Figure 8. A capture from a UAV control application. The hand joints displacement
error visible in the figure is due to the caption camera position. The AR user can

see the virtual joints overlaid on the exact position of the actual joints.

An additional feature of the
UAV control app is the incor-
poration of extended vision
modules. 2 main tools com-
prise the extended vision
functionality: drone track-
ing and contextualized video
feed. In drone tracking, after
an initial calibration process,
a virtual drone object is over-
laid on top of the real UAV
position. This way, the UAV
pilot, and app user, can have
a rough estimation of the
UAV’s location and heading
direction when flying even if
it is not in her field of view
(e.g when it is hidden behind
constructions or if it is far
away). Using contextualized
video feed, the app user is able to see video feedback from the UAV camera displayed in the AR app. Video
feedback can either be displayed on a large virtual panel filling her field of view or on a smaller panel placed on top
of the virtual drone (and consequently the real UAV) position and viewing direction. This contextualized video
feed visualization provides an easily perceivable way to the user to understand what the UAV "sees" and in which
direction during flying time. Additionally, the user has the ability to choose between different video modes, RGB,
infrared and a hybrid mode, its one suitable for different type of search missions.

Figure 8 shows gesture control and extended vision in first-person-view, including the capture of the user’s right
hand, the red virtual object tracking the drone’s position, the video feed displayed in AR, and a navigation feedback
panel.
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POI creation

When the user spots a hazard, a victim, or other object of interest through the drone’s camera feed, she can add a
POI through the UAV control app using a dedicated virtual button available in the app’s menu or by performing a
predefined voice command. The POI is added to the location corresponding to the center of the UAV’s camera.

UAV interface and communications

The UAV control app communicates with the drone through a UAV interface Android application, running on
a smartphone connected to the remote controller. The Android application handles all communication between
the UAV and Kafka as well as the direct video link between the UAV and the HoloLens. Navigation and camera
control commands are received by the UAV interface app through Kafka, parsed, and forwarded to the drone. It also
provides the necessary functionalities to support the mapping tool (presented in UAV mapping and AI annotation
tool). The connection pipeline is the following: the AR app sends the navigation commands to a pre-configured
Kafka broker and the Android app receives the commands messages and commands the drone using the dedicated
controller’s air transmission system. The app includes a fallback safety toggle that allows a user to disable gesture
control and assume manual control of the drone using the remote controller.

UAV mapping and AI annotation tool

The UAV mapping and AI annotation tool is a suite of collaborating modules aiming at using UAVs to obtain a
high-resolution, multi-modal, up-to-date, annotated map of an area of interest. The tool directs one or more drones
to scan a selected area, taking overlapping photos at appropriate waypoints. The photos are combined into an
orthomosaic map, on which a group of AI algorithms detect objects of interest, including buildings, vehicles, risks,
landscape features, and victims. UAV mapping supports different modalities, including 2D and 3D maps, thermal
maps for drones equipped with such cameras, and a fast mode that sacrifices a a very small amount of clarity to
speed up the mission by not pausing flight while taking photographs.

The tool involves four cooperating modules:

1. The COP, presented in Common Operational Picture

2. The flight path calculation system

3. The UAV interface Android app, also presented in UAV control app

4. The map generation module

5. The AI annotation group of algorithms

Integration with the COP

The tool’s front end is integrated into the COP, allowing a user to mark the desired area, set mission parameters
such as altitude and overlap, and select one or more drones to execute the mission. When all mission parameters are
set, users receive feedback regarding the feasibility of the mission and, in case of a negative assessment, advise as to
how to change parameters to improve the mission’s performance; e.g., if the selected area is so large that it would
take the UAVs too much time to scan, the user would be warned and prompted to increase the altitude, so that the
area can be covered with fewer photographs. Figure 9 shows both mission creation and the results of mapping and
AI annotation on the COP.

Flight path calculation

After a mission is created, a number of waypoints are defined at which geo-tagged photographs will be taken by the
drones. Waypoint locations are automatically calculated considering the altitude of the mission and the field of
view of the drones’ cameras, to cover the whole area with the desired amount of overlap between adjacent photos.
Multiple drones split the area between them, reducing the time required for a mission and allowing the mapping of
larger areas.

UAV interface app

Drones participating in mapping missions have their remote controllers connected to Android smartphones running
the UAV interface app, also presented in UAV control app. The Android application receives the mission parameters
through Kafka and generates a corresponding mission for the drone connected to it. After mission completion, the
app collects all photos taken during the mission and forwards them to the map generation system, again through
Kakfa.
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Figure 9. Mapping and AI annotation. On the left: marking an area for mapping on the COP, setting the mission
parameters, and receiving feedback regarding feasibility (in green). On the right: the results of mapping as a layer

on the COP map, including AI annotations (zoomed detailed shown in lower right corner).

Map generation module

The map generation module is based on OpenDroneMap7, which receives the geo-tagged photos taken by the
drones, identifies and matches features present in multiple photos due to the overlap, and constructs a point cloud,
from which it creates a textured 3D mesh. A top-down snapshot of this in the orthomosaic map, used by the AI
algorithms to detect and mark objects, including POIs. The module also creates map tiles compatible with digital
map platforms, such as the COP, allowing the results to be easily integrated as toggle-able layers.

AI annotation algorithms

The orthomosaic map is scanned by three AI algorithms, each looking for different features relevant to disaster
response:

• Faster R-CNN (Ren et al. 2016) scans for prone human figures (victims).

• ResNet 50 (He et al. 2016) scans for disasters.

• Panoptic FPN (Kirillov et al. 2019) scans for a range of other features, including, buildings and other
infrastructure, vehicles, environment features, and more.

As the orthmosaic map used as input is geo-tagged (i.e. the GPS coordinates of each corner is known, and hence the
coordinates of any pixel on it can be inferred by bilinear interpolation), the coordinates of detected features are also
known. Hence, they can be used to generate POIs, as appropriate per mission type. Victims will always generate a
POI, and other features, such as fires or vehicles, can be configured to generate POIs when these are relevant to the
mission.

OPERATIONAL USE-CASE SCENARIOS

Shared AR POIs in a disaster response mission can have multiple uses, including the marking of static, previously
know POIs, the discovering and sharing of additional POIs during the course of the mission, and the use of POIs to
orchestrate automated vital supply drops by UAVs. This section presents these use-cases.

Known, static POIs

Known, static POIs can include entry/exit points, the location of fixed equipment like fire extinguishers, electricity,
water, or gas switchs or valves, and static hazards such as falls (e.g. a shaft). Such POIs can be included in the
shared pool long before a mission or the incident that triggers it. Static POIs in public buildings could, for example,

7https://github.com/OpenDroneMap/ODM
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Figure 10. An example of static, known POIs in a public building. The POIs mark entry/exit points, fire
extinguishers, water valves, electrical switches, and fall risks.

be noted and updated during regular inspections every few months. In a near-future, more digitally integrated
society, private properties could publish their own static POIs as part of the building plans.

Figure 10 shows an example of known, static POIs in a public building. The POIs mark 6 entry/exit points, the
location of 4 fire extinguishers, 2 water valves, 2 electrical switches, and 2 possible falling hazards. Equipped with
this information from the beginning of a mission, FRs can navigate more safely and accurately, locate important
equipment that will help them, and take additional care near marked hazards.

Dynamic or discovered POIs

Other POIs are not previously known, and will be discovered during the course of a mission. These can include the
direct and indirect effects of the incident that prompted the response mission: fires, hazards related to electricity or
gas, injured or trapped victims in need of evacuation and/or medical assistance and more.

Figure 11 shows examples of such POIs discovered in the course of a mission. On the lower left, an FR tags a
damaged electrical board as an electricity risk. On the top left, a drone spots and tags an injured person on the roof
(through the mapping tool or the UAV gesture control and extended vision app). Near the middle, two FRs discover
a blazing fire. Using that tag, firefighters can move in to put it out, other specialties can avoid it, and nearby FRs,
guided by the fire extinguisher POIs, can bring such equipment to the scene. Meanwhile, left of the center, a single
FR discovers multiple victims and tags them all, so that the C2 can direct enough paramedics to help or evacuate
them.

Figure 11. An example of POIs discovered during the course of a mission. It includes a fire, an electrical risk, and
multiple victims, including one spotted by a drone on the roof in the upper left.
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UAV supply delivery

Apart from visual cues used by humans for situational awareness, POIs can also be accessible to drones and used as
autonomous navigation waypoints. A specialized type of POI can be used to request a supply drop at a specified
point. For example, if an FR discovers a victim in need of urgent medical attention, they can tag their location with
the supply drop POI and have a drone navigate to them automatically, carrying the needed supplies. This may be
done in either a wholly unsupervised way, where a UAV pre-loaded with a specific type of supply appropriate to the
mission flies to the POI on request; or, in a semi-supervised way, where the FR requesting the supply drop first
communicates their exact need to the C2 or the drone operator, who attach the requested supplies before sending the
drone to fly autonomously to the POI. Naturally, the applicability of this feature and the level of automation are
highly dependent on the mission parameters

FIELD TRIAL DEMONSTRATION AND EVALUATION

Field trial description

Figure 12. The results of UAV mapping displayed on the COP. Zooming in, the
COP operator can identify a victim laying on the ground and generate a

corresponding POI.

As the AR POIs and the
tools involved are part of
the FASTER project, they
are participating in a series
of demonstration and evalu-
ation "pilot" exercises. Two
major such events took place
in October and November
2021, in Greece and France
respectively. Both events in-
volved FR-designed search-
and-rescue scenarios, in the
context of which the pre-
sented tools were used. Be-
sides demonstrations, these
events presented local FRs
with the opportunity of a
hands-on experience with
the tools.

The pilot in Greece was organized by the Hellenic Rescue Team of Attica (HRTA)8, an NGO consisting mostly of
volunteers. Ten volunteers from HRTA, including both men and women, took part in the exercise and evaluated
the FASTER tools. In addition, small FR delegations of FASTER partners from France and Portugal participated
actively in the pilot and the evaluation of the tools.

Figure 13. A first responder tagging a "victim" with an AR POI during the exercise
in France.

The pilot inf France was
hosted by the École Na-
tionale Supérieure des Of-
ficiers de Sapeurs-Pompiers
(ENSOSP)9, the French Na-
tional Fire Officers Academy.
It saw the active participa-
tion of 20 male firefighters,
the largest FASTER pilot un-
til that time in terms of par-
ticipants.

Both exercises focusedmostly
on the use of each tool in-
dependently, rather than in
collaboration. Early evalua-
tion by the FRs was positive:
the AR situational awareness

8https://eodathens.gr/
9https://www.ensosp.fr/french-national-fire-officers-academy
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app and the UAV mapping
tool proved very easy to learn and to use. The UAV control app provided a more intuitive way to control drones
using hand gestures, easy even for users with no prior drone piloting experience. The COP acted as the focal point
of everything, providing an overview of the mission’s progress.

AR annotations were placed before the mission’s start using the COP, marking static POIs such as exits and vertical
shafts. At mission start, the UAV mapping missions were executed to perform a wide-area scan and show the state
of the current situation. Once the mapping results became available on the COP , additional POIs were added based
on those (Figure 12 shows the detection of a victim during the exercise in Greece). Following that, FRs equipped
with the HoloLens performed a more detailed search inside and around buildings in the mission area, marking
additional POIs where victims or simulated risks were detected (Figure 13). At the same time, the drone operator
directed the drone to scan the roofs and other inaccessible locations, searching for additional victims.

The full synergy between all four POI tools will be further tested and evaluated in upcoming planned piloting events
in Spain, Finland and Italy, featuring different scenarios and receiving feedback from FRs from different countries.

Feedback and impact

Feedback from participating FRs has been positive. The FASTER COP has a similar layout with other common
operational picture tools commonly used by FR organizations. Participants praised the ease of creating POIs or
requesting a mapping mission from connected UAVs. The two HoloLens applications (situational awareness and
UAV control) required some practice, especially by the majority of participants, who had no prior experience with
holographic displays.

Both user feedback and the observations of the technical teams, during the pilots, prompted the improvement of the
tools and the inclusion of additional features:

Good connectivity proved to be a major concern during all tests. In particular, an unstable local area network in
Greece caused frequent disconnections, while the thick walls of the fire-resistant ENSOSP training buildings in
France meant that Wi-Fi coverage could not reach the inner rooms. Hence, future pilots were planned with more
robust networking, using a Wi-Fi network on a band with no other networks, and using repeaters to reach inner
rooms, when necessary.

During the exercises, the UAV interface Android app often exhibited crashes, usually during the uploading of
photos after a mapping mission. This was in part due to some drones using a smartphone connected to the remote
controller as their controlling device, while others used the smart DJI controller, which incorporates an Android
device into the remote itself. However, the smart controller runs an older version of Android and is quite limited in
terms of memory. Such crashed proved particularly disappointing in multi-drone mapping missions, as a crash in a
single controller would render the whole mission invalid. This prompted a closer look into memory management
and optimization, resulting in a reduction of required memory by about 70%. In addition, the app was modified to
enable recovery even after a crash. Progress is now noted in a file local to the Android system, and a restart of the
app after a crash allows users to resume uploading the results of a previous mission.

In terms of usability, the two-step calibration required for the correct tracking of a drone in AR proved too complex
for inexperienced users, who expressed their frustration with it. After the pilots, the calibration process was
completely redesigned to read a QR code, pasted either on the drone itself or on its landing pad). This improvement
automates the calibration process completely, and requires a single step to calibrate both position and orientation.

Finally FRs using the situational awareness HoloLens app expressed a wish for visible feedback following the
creation of a POI. Another request regarded confirmation/cancellation (ok/cancel) buttons for some actions like
quitting the app or sending a distress signal. Both of these were implemented in the latest version of the app.

CONCLUSIONS AND FUTURE WORK

In this work, we have presented a unified solution for enhancing FR situational awareness by visualizing important
information in AR. The core concept is shared POIs, which mark the location of hazards, victims, relevant equipment,
exits, or other objects of relevance. POI visualization in AR can improve situational awareness in an intuitive way,
without increasing an FR’s cognitive load. By accessing a common pool of shared POIs, each team member’s
situational awareness expands, and both intra-team communication and communication with the C2 becomes clearer
and more effective, using POIs as reference.

The solution encompasses four interconnected and collaborating tools, each covering a different set of FR needs
during a mission: C2 coordination, localization and collaboration between multiple team members, and the inclusion
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of drones for scanning wide areas or inaccessible locations. It features a simple, JSON-based architecture that
allows for the easy integration of additional tools in the future.

The tools comprising the solution have been demonstrated and tested by local FRs in two major piloting events. FR
evaluation has been positive, and the technical and usability feedback, including minor setbacks, have proved useful
in planning future improvements. Such setbacks include limitations of the HoloLens, whose spatial mapping can
lose its tracking in conditions of low light or very uniform textures.

Hence, although the presented solution is complete, all component tools are constantly undergoing improvements to
robustness and usability. Piloting events planned for early 2022 will give FRs the opportunity to test and evaluate
improved versions, and highlight the full collaboration of shared POIs in dedicated scenarios.

Future plans regarding the shared POIs include:

• an additional POI type to indicate rooms already searched and clear.

• automatic generation of breadcrumb POIs to assist FRs in retracing their path or allow teammates to follow
their exact route.

• support for deleting POIs using the situational awareness AR app, indicating that a risk has been mitigated or
a victim safely evacuated.

• implementation of autonomous or semi-autonomous UAV supply delivery upon the generation of special POI
types.

Besides the POI-related improvements mentioned above, other improvements to the comprising tools are already in
development:

• detection of HoloLens’s spatial mapping tracking loss and generation of an appropriate AR warning prompting
the user to re-localize using a nearby QR code.

• improved and faster UAV-HoloLens calibration utilizing QR code tags adhered to the drones.

• improvements in the AI algorithms, as well as the preprocessing of the orthomosaic map input, for more
accurate detection of objects, and hence POIs.
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ABSTRACT

This paper presents the Symbiotic Orchestration Module, which facilitates the collaboration of smart agents in
disaster response scenarios. By effectively orchestrating the actions of different agents in critical situations towards a
common goal, it enhances the individual capabilities of the agents and unlocks new possibilities that are not available
when agents act isolated. To achieve this, the Symbiotic Orchestration Module is composed of four sub-modules:
a) the Mission Controller, which is responsible for keeping track of ongoing missions, agent allocations and for
handling non-collaborative missions, b) the Symbiotic Operation Control Module, which handles collaborative
missions proposed by the system, c) the Task Allocation Module, which automatically assigns available robots to
incoming missions based on robot capabilities and mission requirements, and d) the Task Recognition and Optimal
Sequencing Module, which is responsible for recognizing opportunities for agent collaboration and for system-wide
goal optimization.

Keywords

Symbiotic controller, multi-robot collaboration, first responders, disaster response

INTRODUCTION

First responders are often involved in life-threatening situations when called upon to provide their services in natural
or man-made disasters. In these situations, time is critical for saving human lives and the ability to quickly get
an overview of the situation and take immediate actions in extremely dynamic environments is very important.
Autonomous cybernetic assistants (i.e. smart agents, such as UAVs and UGVs) can provide significant benefits to
first responder teams in such situations, as they allow them to quickly get an overview of the area of interest, or
explore dangerous areas, such as inside flaming buildings ready to collapse, searching for survivors. However, by
operating isolated in single-task missions, the smart agents can never go beyond their individual capabilities.

A module that could orchestrate the actions of smart agents with different capabilities towards a common goal,
would be able to offer disaster response teams enhanced capabilities that surpass the individual capabilities of
each agent. For example, an indoor UAV and a UGV equipped with a robotic arm can collaboratively explore a
partially collapsed building, where some of the doors are stuck half-open, but not quite enough for the UAV to enter
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these rooms. The UGV can open these doors just enough with its arm so the UAV can enter the rooms and quickly
explore them. By taking advantage of such collaborative efforts by the smart agents, first responder teams could
quickly obtain an assessment of the situation.

Several symbiotic approaches involving smart agents have been presented in the literature, including in areas such as
automated multi-agent search in unknown environments (Guruprasad and Ghose 2010), energy foraging (Kernbach
et al. 2008), decentralized path planning and motion coordination of automated guided vehicles (Draganjac et al.
2016) and cooperative manipulation and transportation of different payload (Ebel et al. 2020), (Lee et al. 2016),
(Hichri, Adouane, et al. 2016), (Hichri, Fauroux, et al. 2019). This paper presents the Symbiotic Orchestration
Module, which facilitates the collaboration of smart agents in disaster response scenarios. To achieve this, the
module consists of four distinct sub-modules: a) the Mission Controller, which supervises all running missions and
executes single-agent missions, b) the Symbiotic Operation Control Module, which executes symbiotic missions, c)
the Task Allocation Module, which performs the best matching between available robots and incoming missions,
and d) the Task Recognition and Optimal Sequencing Module, which recognizes agent collaboration opportunities
and performs system-wide goal optimization. Each of the aforementioned modules is presented in the following
sections, while the conclusions are presented in the last section.

THE MISSION CONTROLLER

The main functionalities of the Mission Controller (MC) are a) to keep track of ongoing missions and smart
agent allocations, b) to report the status of all ongoing missions and c) to handle the execution of single-agent
missions proposed by the system. The general architecture of this component, including its interactions with other
components, can be seen in Figure 1.

Figure 1. The Mission Controller architecture.

Upon system initialization, the Mission Controller (purple component in Figure 1) receives agent registration
messages through the Kafka Message Broker (appearing in yellow in Figure 1), so that it knows all the agents
available to the system, as well as their capabilities, in order to keep track of them. After registration, the agents
(gray circles) start sending status messages to MC in regular intervals, again through the Message Broker, so
that MC knows their state and readiness to execute any incoming missions. Upon receiving a mission request
through the Message Broker, MC first determines whether it corresponds to a single-agent mission or a multi-agent
symbiotic mission based on the number of agents involved. In the former case, it initiates a new single-agent
mission by communicating with the agent involved in it. The MC breaks down the mission execution details into
the appropriate set of commands the smart agent understands. The mission details also include which sensors
and data streams are needed for this particular mission. The smart agent, after receiving this information, begins
executing the commands in the given sequence and provides regular updates to the system regarding its state, its
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position, battery level, etc. The MC takes into account these agent status messages in order to produce its own
mission status messages, which are consumed by other modules in the architecture through the Message Broker.
Mission status messages include information such as the mission status (e.g., ongoing), the completion percentage,
if the agent is running low on battery or if the communication with the agent has been lost. In the multi-agent case,
MC initiates a new symbiotic mission, passes its execution details to the Symbiotic Operation Control Module
(SOCM) for execution, and monitors its progress through status messages produced by SOCM. In this scenario,
SOCM is responsible for communicating with the smart agents and issuing the appropriate commands.

Since the proposed module is designed to operate in challenging environments, there is always the possibility of
temporarily or permanently losing the communication with the smart agents. Short-term communication loss can
be adequately handled by the proposed messaging component (Message Broker), as the messages intended for the
agents are not lost, but remain stored and ready to be delivered as soon as the communication resumes. In the case
of long-term communication loss, the appropriate actions to be taken are defined centrally by higher level modules
within the INTREPID system. Since the system is composed of many other modules as well (e.g., Path Planning
Module), the directive must be given centrally and not by each module in isolation. Therefore, based on the active
policy in the current deployment of the system, the smart agents are expected to follow this policy when they detect
a long-term communication loss. Depending on the scenario, the policy may dictate for instance that the agents go
to the last known communication point or to the starting position if possible.

In order to be able to respond rapidly to proposed missions from the system, the Mission Controller keeps track of
important agent parameters even if the agents are not assigned to any missions. By regularly receiving telemetry
messages from all smart agents logged into the platform, MC is able to know not only their availability for any
incoming missions, but also their ability to successfully accomplish the mission (e.g., their battery level is sufficient
to complete the mission). Table 1 presents an example of what a single-agent mission looks like. The mission has a
unique identifier, the type of task that should be performed, a priority score indicating which missions should be
executed first in case of conflicts, the agents involved, any arguments that should be given to the agents in order to
complete the mission and the type of data the agents need to capture and transmit while performing the mission.

Table 1. An example of a single-agent mission.

Mission ID 8

Task Exploration

Priority 0.7

Agents Any UAV

Arguments {

Coordinate system: ’local’

Path: [(𝑥1, 𝑦1, 𝑧1), . . . , (𝑥𝑛, 𝑦𝑛, 𝑧𝑛)]

}

Sensors and
Streams

RGB-D Sensor: Colour and Depth images

THE SYMBIOTIC OPERATION CONTROL MODULE

The Symbiotic Operation Control Module (SOCM) is responsible for handling any symbiotic missions proposed by
the system. As discussed in the previous section, the Mission Controller passes the execution details of symbiotic
missions to SOCM and just supervises their progress. Upon receiving the execution details of the mission, SOCM is
responsible for communicating with each agent involved in the given mission and issuing the appropriate commands
to each one of them, in order to successfully complete the mission.

When the platform proposes a collaborative mission, the MC initiates a new symbiotic mission and instructs SOCM
to take control of it. The MC then continues to supervise the mission and its progress, producing periodic mission
status updates. In this instance, however, it is SOCM that gathers the status messages produced by the agents
involved in the mission into one final status message for the mission, which is passed on to MC in order to update its
state regarding the mission and send it to the Message Broker for all interested modules to consume. For example, if
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there are 2 agents in a symbiotic mission and have executed 40% and 60% of their respective commands, then
SOCM would report a mission completion progress of 50% to MC. The overall mission status reported by SOCM
would also include agent-related information, such as if any agent is low on battery or has lost communication with
the system. The communication between SOCM and the agents, although not shown in Figure 2, is the same as the
previous case; the messages are relayed through the Message Broker.

Figure 2. The Symbiotic Operation Control Module architecture.

From this point onward, SOCM is responsible for translating the mission execution details into the appropriate
command sequences for each agent, handling any peculiarities of symbiotic missions as well. For instance, when a
UGV needs to open a door (with its robotic arm) so that a UAV can pass through and quickly explore the area,
SOCM has to make sure the door is fully open before instructing the UAV to go through. Each command sequence
consists of a list of predefined instructions that the smart agents can understand and execute. The mission execution
instruction set is presented in Table 2. The first four commands (Goto, Follow, Scan Area and Move) involve the
agents moving from one position to another, either using a given path or without any, by using their navigation
capabilities in order to avoid collisions. The next command, Turn, involves a stationary 360 degree turn by the
smart agents and was included to tackle cases where the first responders need to quickly assess the surrounding
environment. By taking into account the sensor streaming capabilities of the agents, this command can be combined
for instance with RGB, depth or point cloud data streaming to the platform, so that other modules can quickly
produce paths for the agents and assess the environment. The next four command categories (Takeoff / Land, Open
Door, Press Button / Switch and Pickup / Putdown) involve the agents interacting with their surroundings in various
ways. The Takeoff / Land category is UAV specific, while the Open Door and Pickup / Putdown categories are UGV
specific. All command messages have a common interface that they adhere to, despite having different number
and types of arguments, so that they can be effectively parsed by any agent. Finally, it is worth pointing out that
this version of the mission execution instruction set is capable of facilitating both single-agent and collaborative
missions.

Table 3 presents an example of a symbiotic mission, which employs a UAV and a UGV agent and has two objectives.
First, both agents must explore the area using the paths given by the system. After this part is finished, the UAV
must move to the position of the UGV and land on top of it, at the recharging bay, in order to keep its battery level
high. Upon receiving this mission, the MC passes its execution details to the SOCM and starts supervising the
mission progress. The SOCM analyzes the mission details and starts issuing the appropriate commands to the
agents. First, SOCM communicates the needed sensors and streams to the agents. Then a Goto command is given
to both agents with the given path specifications. After determining that both agents have completed this part of
the mission, based on their status updates and positions, SOCM issues aMove command to the UAV towards the
direction of the UGV. Finally, SOCM issues a Land command to the UAV, targeting the position of the UGV, with
the special option to land on top of another agent set to true. After successfully completing the mission, the MC
updates the mission status to Completed and also its agent allocation table.

TASK ALLOCATION

The Task Allocation component allows the system to be able to automatically assign available agents to incoming
missions, when no specific agents are identified in the mission details. To accomplish this, each incoming mission
to the system must have a list of specifications that can be matched to agent sensorial or other capabilities (e.g., a
mission may require streaming of chemical sensor data that are only available from a single agent). On the other
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Table 2. The mission execution instruction set.

Command Description

Goto A UxV must reach a destination following a given path.

Follow A UxV must follow another UxV.

Scan Area A UxV must scan the surrounding area.

Move AUxVmust move a small distance away from its current position without
a given path.

Turn A UxV must perform a 360 degree turn.

Takeoff / Land A UAV must perform a takeoff / landing.

Open Door A UGV must open a door with its arm.

Press Button / Switch A UxV must press a button / switch.

Pickup / Putdown A UGV must pick up / put down an item using its arm.

Table 3. An example of a symbiotic mission.

Mission ID 44

Task Exploration, Recharging

Priority 0.9

Agents UAV1, UGV1

Arguments UGV1: {

Coordinate system: ’local’

Path: [(𝑥1, 𝑦1, 𝑧1), . . . , (𝑥𝑛, 𝑦𝑛, 𝑧𝑛)]

}, UAV1: {

Coordinate system: ’local’

Path: [(𝑥1, 𝑦1, 𝑧1), . . . , (𝑥𝑛, 𝑦𝑛, 𝑧𝑛)]

Recharge on UGV1

}

Sensors and
Streams

UGV1: { RGB-D Sensor: Colour and Depth images }, UAV1: { RGB-D Sensor:
Point cloud }

hand, each agent that is logged into the platform must also make its capabilities known to the system. When both of
these conditions are met, the Task Allocation component can provide fast, near-optimal allocation solutions.

The first version of the component is based on the game-theoretic approach of (Li et al. 2020), which tackles the
multi-robot task allocation problem. The authors showed in their work that the algorithm scales up to thousands
of tasks and robots, achieves the same utility scores as well-known alternative methods, such as the Distributed
Stochastic Algorithm (Fitzpatrick andMeertens 2003; Zhang, Wang, Xing, et al. 2005; Zhang, Wang, andWittenburg
2002) and the Branch-and-Bound Fast-Max-Sum algorithm (Macarthur et al. 2011) when the number of tasks is
low, while it achieves better utility scores when the number of tasks increases. At the same time, as shown in (Li
et al. 2020), it consistently surpasses the aforementioned alternative approaches in execution time.
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The algorithm works iteratively, in rounds, until no better solution can be found or some other termination criterion
has been activated, such as a time constraint. More specifically, let 𝑅 represent the requirements for 𝑚 given tasks:

𝑅 =


𝜌1

1 · · · 𝜌1
𝐾

...
. . .

...

𝜌𝑚1 · · · 𝜌𝑚
𝐾


, 𝜌

𝑗

𝑘
∈ {0, 1}

and 𝐶 represent the capabilities of 𝑛 given robots:

𝐶 =


𝑐1

1 · · · 𝑐1
𝐾

...
. . .

...

𝑐𝑛1 · · · 𝑐𝑛
𝐾


, 𝑐𝑖𝑘 ∈ Z

+

Let 𝐺 𝑗 denote the group of robots allocated to task 𝑡 𝑗 and 𝐺0 denote the group of robots that are currently
unallocated. In the beginning, each robot 𝑟𝑖 starts as unallocated (it belongs to 𝐺0). Finally, let𝑈 𝑗 denote the task
utility. The task utility function can be an arbitrary function that takes into account the task requirements and
the robot capabilities and produces a fitness score, indicating how well the robots allocated to this task satisfy its
requirements. A simple and intuitive choice for the utility function is the following:

𝑈 𝑗 =

[
max
𝑖

𝑐𝑖1, · · · ,max
𝑖

𝑐𝑖𝐾

]
·
[
𝜌
𝑗

1 , · · · , 𝜌
𝑗

𝐾

]𝑇
where 𝑖 traverses the indices of the robots belonging to 𝐺 𝑗 . In other words, this utility function is the dot product of
the maximum capability offered by the robots assigned to perform task 𝑡 𝑗 and the requirements of the task. In each
round, the algorithm first computes the marginal contribution of robot 𝑟𝑖 to task 𝑡 𝑗 , i.e. the difference between the
task utility when the robot is part of the task and when it is not. The next step is to compute the movement value of
each robot from its current task to all other tasks. The movement value represents the reward gain for robot 𝑟𝑖 when
switching from its current task to another, and is defined as the difference between the marginal contribution to its
current task 𝑗 and the marginal contribution to any other task ℎ. Next, if the maximum movement value across all
tasks for robot 𝑟𝑖 is positive, the robot can improve the overall utility of the system by switching tasks and joining
𝐺ℎ, where ℎ is the task that the maximum was achieved for. In this way, all robots that can improve the overall
utility of the system, are candidates for switching tasks. In the next step, the system gathers all movement values for
each task and determines which robots produced the biggest values. These robots receive an acceptance signal
by the system, while all other movement proposals are rejected. Finally, each robot that received an acceptance
from task 𝑡ℎ moves to the group 𝐺ℎ. At this point, one iteration of the algorithm has been completed. This process
continues until no positive movement values exists, or some other stopping criterion is reached, such as a specific
utility threshold or a given time budget has been exceeded. Finally, it is worth pointing out that the algorithm cannot
be halted due to a deadlock, as any resulting ties are resolved by randomly selecting one of the candidates.

Listing 1 presents an example evaluation of the task allocation algorithm. Matrix 𝑅 indicates that there are 2 tasks
that have 5 requirements, while matrix 𝐶 indicates that there are 4 available robots with the corresponding capability
scores to these requirements. Furthermore, the algorithm is parametrized to allocate up to 2 robots per task and run
for a maximum of 50 rounds. The first batch of messages indicate the marginal contributions of the robots at the first
round. The (-) sign indicates the task utility when the robot is not part of the task and the (+) indicates the utility
when the robot is. The next batch of messages indicate the movement values of the robots. If a robot has a positive
movement value, it is proposed by the system that it moves to the task which achieves its maximum movement value.
In the next step, the system gathers all proposed moves and selects for each task the ones that maximize its utility.
Finally, the candidate robots that received acceptance messages are assigned to new tasks. The process continues
for another 2 rounds and terminates, as there are no new proposals for movement. The final allocation is that robots
0 and 1 are assigned to task 1 and robots 2 and 3 are assigned to task 0, achieving a total system utility of 39.

# t a s k r e q u i r emen t s
R = [ [ 1 , 1 , 1 , 0 , 0 ] ,

[ 1 , 0 , 0 , 1 , 1 ] ]

# r o b o t c a p a b i l i t i e s
C = [ [ 0 , 0 , 0 , 7 , 6 ] ,
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[ 4 , 3 , 8 , 8 , 4 ] ,
[ 0 , 9 , 8 , 0 , 0 ] ,
[ 4 , 9 , 0 , 7 , 0 ] ]

# <−− s t a r t o f round 1 −−>
Robot 0 , Task 0 −−> t a s k s c o r e ( − ) : 0 . 0 , t a s k s c o r e ( + ) : 0 . 0 , c o n t r i b u t i o n : 0 . 0
Robot 0 , Task 1 −−> t a s k s c o r e ( − ) : 0 . 0 , t a s k s c o r e ( + ) : 1 3 . 0 , c o n t r i b u t i o n : 13 . 0
Robot 1 , Task 0 −−> t a s k s c o r e ( − ) : 0 . 0 , t a s k s c o r e ( + ) : 1 5 . 0 , c o n t r i b u t i o n : 15 . 0
Robot 1 , Task 1 −−> t a s k s c o r e ( − ) : 0 . 0 , t a s k s c o r e ( + ) : 1 6 . 0 , c o n t r i b u t i o n : 16 . 0
Robot 2 , Task 0 −−> t a s k s c o r e ( − ) : 0 . 0 , t a s k s c o r e ( + ) : 1 7 . 0 , c o n t r i b u t i o n : 17 . 0
Robot 2 , Task 1 −−> t a s k s c o r e ( − ) : 0 . 0 , t a s k s c o r e ( + ) : 0 . 0 , c o n t r i b u t i o n : 0 . 0
Robot 3 , Task 0 −−> t a s k s c o r e ( − ) : 0 . 0 , t a s k s c o r e ( + ) : 1 3 . 0 , c o n t r i b u t i o n : 13 . 0
Robot 3 , Task 1 −−> t a s k s c o r e ( − ) : 0 . 0 , t a s k s c o r e ( + ) : 1 1 . 0 , c o n t r i b u t i o n : 11 . 0

Robot 0 , Task −1 −−> 0 ga i n 0 . 0
Robot 0 , Task −1 −−> 1 ga i n 13 .0
Robot 0 p r opo s e s move −1 −−> 1 ( ga i n : 1 3 . 0 )

Robot 1 , Task −1 −−> 0 ga i n 15 .0
Robot 1 , Task −1 −−> 1 ga i n 16 .0
Robot 1 p r opo s e s move −1 −−> 1 ( ga i n : 1 6 . 0 )

Robot 2 , Task −1 −−> 0 ga i n 17 .0
Robot 2 , Task −1 −−> 1 ga i n 0 . 0
Robot 2 p r opo s e s move −1 −−> 0 ( ga i n : 1 7 . 0 )

Robot 3 , Task −1 −−> 0 ga i n 13 .0
Robot 3 , Task −1 −−> 1 ga i n 11 .0
Robot 3 p r opo s e s move −1 −−> 0 ( ga i n : 1 3 . 0 )

Task 0 , r o b o t c a n d i d a t e : 2
Task 1 , r o b o t c a n d i d a t e : 1

Robot 2 has been a s s i g n e d t o t a s k 0
Robot 1 has been a s s i g n e d t o t a s k 1
# <−− end of round 1 −−>

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Round 1 , t ime : 0 .006 seconds , t o t a l u t i l i t y : 33 . 0
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

# <−− s t a r t o f round 2 −−>
Robot 0 , Task 0 −−> t a s k s c o r e ( − ) : 1 7 . 0 , t a s k s c o r e ( + ) : 1 7 . 0 , c o n t r i b u t i o n : 0 . 0
Robot 0 , Task 1 −−> t a s k s c o r e ( − ) : 1 6 . 0 , t a s k s c o r e ( + ) : 1 8 . 0 , c o n t r i b u t i o n : 2 . 0
Robot 1 , Task 0 −−> t a s k s c o r e ( − ) : 1 7 . 0 , t a s k s c o r e ( + ) : 2 1 . 0 , c o n t r i b u t i o n : 4 . 0
Robot 1 , Task 1 −−> t a s k s c o r e ( − ) : 0 . 0 , t a s k s c o r e ( + ) : 1 6 . 0 , c o n t r i b u t i o n : 16 . 0
Robot 2 , Task 0 −−> t a s k s c o r e ( − ) : 0 . 0 , t a s k s c o r e ( + ) : 1 7 . 0 , c o n t r i b u t i o n : 17 . 0
Robot 2 , Task 1 −−> t a s k s c o r e ( − ) : 1 6 . 0 , t a s k s c o r e ( + ) : 1 6 . 0 , c o n t r i b u t i o n : 0 . 0
Robot 3 , Task 0 −−> t a s k s c o r e ( − ) : 1 7 . 0 , t a s k s c o r e ( + ) : 2 1 . 0 , c o n t r i b u t i o n : 4 . 0
Robot 3 , Task 1 −−> t a s k s c o r e ( − ) : 1 6 . 0 , t a s k s c o r e ( + ) : 1 6 . 0 , c o n t r i b u t i o n : 0 . 0

Robot 0 , Task −1 −−> 0 ga i n 0 . 0
Robot 0 , Task −1 −−> 1 ga i n 2 . 0
Robot 0 p r opo s e s move −1 −−> 1 ( ga i n : 2 . 0 )

Robot 1 , Task 1 −−> 0 ga i n −12.0
Robot 1 , Task 1 −−> 1 ga i n 0 . 0
Robot 1 p r opo s e s s t a y @ 1 ( ga i n : 0 . 0 )

Robot 2 , Task 0 −−> 0 ga i n 0 . 0
Robot 2 , Task 0 −−> 1 ga i n −17.0
Robot 2 p r opo s e s s t a y @ 0 ( ga i n : 0 . 0 )
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Robot 3 , Task −1 −−> 0 ga i n 4 . 0
Robot 3 , Task −1 −−> 1 ga i n 0 . 0
Robot 3 p r opo s e s move −1 −−> 0 ( ga i n : 4 . 0 )

Task 0 , r o b o t c a n d i d a t e : 3
Task 1 , r o b o t c a n d i d a t e : 0

Robot 3 has been a s s i g n e d t o t a s k 0
Robot 0 has been a s s i g n e d t o t a s k 1
# <−− end of round 2 −−>

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Round 2 , t ime : 0 .014 seconds , t o t a l u t i l i t y : 39 . 0
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

# <−− s t a r t o f round 3 −−>
Robot 0 , Task 0 −−> t a s k s c o r e ( − ) : 2 1 . 0 , t a s k s c o r e ( + ) : 2 1 . 0 , c o n t r i b u t i o n : 0 . 0
Robot 0 , Task 1 −−> t a s k s c o r e ( − ) : 1 6 . 0 , t a s k s c o r e ( + ) : 1 8 . 0 , c o n t r i b u t i o n : 2 . 0
Robot 1 , Task 0 −−> t a s k s c o r e ( − ) : 2 1 . 0 , t a s k s c o r e ( + ) : 2 1 . 0 , c o n t r i b u t i o n : 0 . 0
Robot 1 , Task 1 −−> t a s k s c o r e ( − ) : 1 3 . 0 , t a s k s c o r e ( + ) : 1 8 . 0 , c o n t r i b u t i o n : 5 . 0
Robot 2 , Task 0 −−> t a s k s c o r e ( − ) : 1 3 . 0 , t a s k s c o r e ( + ) : 2 1 . 0 , c o n t r i b u t i o n : 8 . 0
Robot 2 , Task 1 −−> t a s k s c o r e ( − ) : 1 8 . 0 , t a s k s c o r e ( + ) : 1 8 . 0 , c o n t r i b u t i o n : 0 . 0
Robot 3 , Task 0 −−> t a s k s c o r e ( − ) : 1 7 . 0 , t a s k s c o r e ( + ) : 2 1 . 0 , c o n t r i b u t i o n : 4 . 0
Robot 3 , Task 1 −−> t a s k s c o r e ( − ) : 1 8 . 0 , t a s k s c o r e ( + ) : 1 8 . 0 , c o n t r i b u t i o n : 0 . 0

Robot 0 , Task 1 −−> 0 ga i n −2.0
Robot 0 , Task 1 −−> 1 ga i n 0 . 0
Robot 0 p r opo s e s s t a y @ 1 ( ga i n : 0 . 0 )

Robot 1 , Task 1 −−> 0 ga i n −5.0
Robot 1 , Task 1 −−> 1 ga i n 0 . 0
Robot 1 p r opo s e s s t a y @ 1 ( ga i n : 0 . 0 )

Robot 2 , Task 0 −−> 0 ga i n 0 . 0
Robot 2 , Task 0 −−> 1 ga i n −8.0
Robot 2 p r opo s e s s t a y @ 0 ( ga i n : 0 . 0 )

Robot 3 , Task 0 −−> 0 ga i n 0 . 0
Robot 3 , Task 0 −−> 1 ga i n −4.0
Robot 3 p r opo s e s s t a y @ 0 ( ga i n : 0 . 0 )
# <−− end of round 3 −−>

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Round 3 , t ime : 0 .018 seconds , t o t a l u t i l i t y : 39 . 0
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

A l l o c a t i o n f i n i s h e d i n 3 rounds , t ime : 0 .018 seconds , t o t a l u t i l i t y : 39 . 0

# f i n a l a l l o c a t i o n
# −−−−−−−−−−−−−−−−−−−−−
Una l l o c a t e d > [ ]

Task 0 > [ 2 , 3 ]
Task 1 > [ 1 , 0 ]

# −−−−−−−−−−−−−−−−−−−−−

Listing 1. Task allocation example with 2 tasks and 4 robots.

TASK RECOGNITION AND OPTIMAL SEQUENCING

The Task Recognition and Optimal Sequencing module serves a dual purpose within the context of the Symbiotic
Orchestration Module. On the one hand, it is responsible for identifying opportunities where smart agents can
collaborate with, and support, each other. This functionality is especially useful in situations where one smart
agent faces some difficulty in accomplishing its current task, such as being stuck because its path is blocked by an
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object not accounted for during the path generation process. On the other hand, this component is responsible for
optimizing the command sequences given to the agents, so that specific system-wide goals are maximized. An
example of such a goal is to increase the overall time in operation across all smart agents, by conserving as much
energy as possible.

In order to be able to accomplish its objective, the Task Recognition sub-module takes into account important
parameters of ongoing missions, such as the agent execution instructions, as well as the status messages and
telemetry data from the agents involved in these missions, and determines if any of its predefined rules for
multi-agent collaboration are satisfied by the current conditions. The component follows an event-based approach
for accomplishing the task recognition objective, so that the appropriate checks for collaboration opportunities are
not evaluated constantly, but only after events that have high probability of triggering such opportunities. Such
an example would be when an agent is low on battery or is blocked by an obstacle. However, if more frequent
evaluation is needed, then time-based events can also be employed for this purpose. In this case, a timer configured
by the system to run every few seconds can produce an appropriate event so that the Task Recognition sub-module
is also triggered at the same interval.

When the predefined set of requirements for a collaboration opportunity are satisfied, the component proposes to
the system a symbiotic task that satisfies the needs of the particular scenario. From that point onward, higher-level
modules or the first responders at the command and control center can choose to accept or decline the proposed
symbiotic mission.

The Optimal Sequencing sub-module is triggered when new symbiotic missions are proposed by the system. It
takes as input the agent execution instructions and checks if any of its predefined rules for a specific objective can
be applied to these execution instructions in order to fulfill the objective. For instance, if a UAV and a UGV are
both instructed to go from point A to point B and the system-wide objective for the Optimal Sequencing module has
been set to maximize the time in operation for the agents, i.e. conserve battery when possible, then this module can
introduce a delay in the initial Goto command given to the UAV, so that it remains landed at point A while the
slower UGV starts executing the same command. After this delay, the UAV is also instructed by SOCM to execute
the Goto command so that the two agents arrive at point B at the same time. The Optimal Sequencing sub-module
is also responsible for appropriately sequencing the commands given to agents in symbiotic missions in order to
avoid blocking interactions among them, such as the UAV being instructed to enter a room before the UGV has
opened the door for that room.

CONCLUSION

This paper presented the components that constitute the Symbiotic Orchestration Module, the main task of which
is to facilitate the collaboration of smart agents (UAVs, UGVs) in disaster response scenarios. By coordinating
the actions of different agents, which may have varied and sometimes complementary capabilities, this module
is able to enhance the overall capabilities of the system beyond what is possible by individual agents that act in
isolation. The first such component was the Mission Controller, which monitors all proposed missions and handles
the execution of single-agent missions. Then, the Symbiotic Operation Control Module was presented, which
handles the execution of multi-agent collaborative missions. These modules communicate with the agents in a
commonly understood "language", the mission execution instruction set, which can be expanded and adjusted in
order to cover additional capabilities and agents. The next component that was presented, the Task Allocation
Module, automates the allocation of agents to missions in cases where the mission instructions do not specify a
particular agent. Finally, the Task Recognition and Optimal Sequencing Module, is responsible for identifying
opportunities for agent collaboration and for system-wide goal optimization.
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ABSTRACT 

Information and communication technology (ICT) and digitalization are often seen as enablers of co-production. 
But if its potential is not implemented, technology will rather act as a barrier. In Sweden, new types of “hybrid” 

co-production initiatives that engage civil citizen volunteers as first responders emerged a decade ago. Even 
though the benefits are recognized, the initiatives’ expansion are hampered by the ICT solutions. In this study, we 
explore why, by comparing the perspectives of national authorities, needs-owners, suppliers, and end-users. We 
describe the barriers, e.g., insufficient geofencing, to develop ICT for various mobile platforms, unavailability of 
a joint API, competitiveness and double roles among stakeholders, and ICT costs. We suggest how to address the 
barriers and argue that digitalized co-production of the type presented will likely increase. Here our study can 
contribute to the successive accumulation of knowledge.  

Keywords 

digitalization, co-production, ICT, volunteers, emergency response  

INTRODUCTION 

The potential of digitalization to deliver benefits to public service delivery including interaction with civil citizens, 
is sometimes referred to as co-production. (Ostrom, 1996). Recent studies argue that digitalization and 
information technology (ICT) enable and transform co-production (e.g., Lember et al., 2019; Paletti, 2016). 
Related research often focuses large-scale citizen engagement enabled by social media, crowdsourcing, and living 
labs (Marino and Lo Tresti, 2018; Granier, 2016). This includes emergency management that mostly relates it to 
large-scale crises, e.g. floods, earthquakes, pandemics, and to spontaneous volunteerism (Yeo and Lee, 2020; 
Velotte and Murphy, 2020). It is also rather technology optimistic (Rodriguez Muller, 2020; Paletti, 2016). This 
has been pointed out by Lember et al. (2019) who claim lack of evidence and argue that there is no reason to 
assume that digital technologies will always encourage co-production.  

In Sweden, co-production emergency response initiatives of a “hybrid” type emerged a decade ago. They did not 
involve citizens on large-scale or the public but rather targeted efforts to recruit groups of citizens to provide first 
response for other citizens in frequent accidents. Substantial benefits in terms of shorter response times, saved 
lives, reduced human suffering and material damage, have been recognized by the national authorities and the fire 
rescue services alike. Nevertheless, the initiatives’ expansion to most municipalities remains limited. One reason 
are them being hampered by still having to rely on basic SMS-lists for dispatch. Apps developed for the purpose 
is used only by one large fire association. A national standard app has been under development by the Public 
Swedish Answering Point (PSAP) for five years with no release. In this study, we explore why the ICT used has 
become a barrier rather than an enabler. This, by comparing the perspectives of national authorities, needs-owners 
(rescue services), suppliers, and end-users (volunteers). 

Study aim 

The aim of this study is to explore why digitalization/ICT sometimes act as a barrier to effective co-production, 
using volunteers as first responders as an example. We identify the barriers that relate explicitly to the ICT artefact. 
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We also provide suggestions on how to reduce them. The study’s main contribution is oriented toward digitalized 
co-production in emergency response. The study is also relevant to large-scale crisis management since the same 
volunteers and similar ICT will likely be used in a crisis. It also has a general scientific contribution in that it 
discusses implications for digitalization in emerging public sector “hybrid” co-production forms.  

BACKGROUND 

In co-production, citizens are part of public services’ design, steering, and management (Ostrom, 1996). Co-
production is increasingly seen as a necessity when public sector resources are cut, e.g., in emergency response. 
It does not explicitly presume digitalization or an ICT artefact. Several recent studies have however emphasized 
the increasing role of digital technologies, using terms like “ICT as an enabler” and “ICT facilitated co-
production” (e.g. Rodriguez Muller, 2020; Paletti, 2016). Fewer studies focus related barriers. Lember et al. (2019) 
claim that the debate has been characterized by conceptual fuzziness and technology optimism where challenges 
such as investment of resources and motivation of citizens are not sufficiently addressed. They also note that most 
studies focus social media and crowdsourcing. Yuan (2019) performed an extensive literature review on co-
production and ICT and identifies potential barriers in a few studies. They include, among other things, costs for 
ICT platform maintenance. Clifton et al. (2020) argues that the majority of such studies focus structural and 
cultural barriers to digitalized co-production. This is also reflected in Yuan’s review. 

Velotte and Murphy (2020) argue that the traditional definition of emergency services as performed by trained 
professionals, should now also include co-opted or spontaneous volunteers, and that the new approach is radical. 
Meanwhile, most studies on using volunteers in co-production, relate it to large-scale crises, and to spontaneous 
volunteerism (e.g., Yeo and Lee, 2020). Also, they do not speak explicitly about digitalized co-production. There 
are a few exceptions, where ICT enabled/digitalized co-production is used to frame the involvement of volunteer 
first responders in frequent emergencies (Pilemalm, 2021; Ramsell et al. 2017). We define this as an emerging 
hybrid type of volunteerism. This in comparison to organized volunteers (belonging to an organization, e.g., the 
Red Cross) or spontaneous volunteers that show up at an incident site or are self-deployed in a crisis, often using 
social media. The volunteers in the study engage in long-term collaboration with the rescue services. At the same 
time, they are organizationally unaffiliated, i.e., the rescue services have no formal responsibility for them. This 
is closest to the co-production type citizen-sourcing (Yuan, 2019), where government organizations make an open 
call to a large community of citizens to exploit their skills for tasks of public services. However, the hybrid type 
of co-production also deviates from this definition, since targeted efforts, information campaigns, local interest 
groups and outreach work is used, while citizen-sourcing is mainly achieved using on-line requests and platforms.  

In summary, we see several gaps in previous research on digitalized co-production. It speaks of opportunities 
rather than ICT related barriers and outcomes. It focuses large-scale groups of citizens/the public from a 
governmental perspective rather than local initiatives and/or hybrid forms. In crisis/emergency management, 
studies on digitalized co-production are generally few. We address the perceived gaps when studying the volunteer 
initiatives in Swedish emergency response, and why the ICT which set out to be an enabler of co-production, 
became a hindrance of the very same co-production.  

Study Context 

In Sweden, about 300 municipal rescue services are responsible for accidents and to reduce their consequences 
(SFS 2003:778). The PSAP handles all incoming emergency (112) calls and dispatches the adequate resources. 
In the initiatives, volunteers act as first responders in collaboration with the municipal rescue services. Civil 
citizens are recruited, receive basic training and equipment (Figure 1). They are then alerted and dispatched to 
certain traffic accidents, smaller fires, heart failures, and drownings, if they are within a certain radius of the 
incident site. The idea is a faster response since the volunteers can start first response/aid before the professional 
resources arrive. The concept emerged a decade ago in sparsely populated areas with a long distance to the 
response organizations. It has been argued that it is a key to an efficient incident site where people’s lives have 

been saved, fires extinguished before they spread and where response times are reduced, both in rural and urban 
settings (Ramsell et al., 2017, Pilemalm, 2021). It is also deemed cost-effective. This, since costs are low 
compared to a professional response resource and the benefits obtained from a single response, where the 
volunteers were able to contribute, will highly exceed the costs for the responses where they were not (Weinholt 
and Andersson Granberg, 2015). The ICT, - SMS lists - were a central initial enabler of an informal structure of 
the co-production. Later, the app was another enabler of digitalized co-production by allowing dispatch of 
volunteers providing geographical positioning (Pilemalm, 2021).  
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Figure 1. Example of equipment kit provided to volunteers 

However, nationwide, there are still comparatively few rescue services that have implemented the concept. Some 
identified challenges are (inter)organizational, e.g., lack of defined responsibilities. Some relate to keep the 
volunteers motivated over time, others to legal aspects (Ramsell et al., 2017). A fundamental barrier relates 
explicitly to the ICT where available app technology is not used to a large extent. The SMS-lists were intended as 
an initial solution but became both enabler and hindrance to the co-production, mainly since they have no GPS-
positioning. Thus, the rescue services, ten years later, are left with a situation where the ICT has become a 
hindrance for further expansion. Digitalization has not become the enabler it was intended to. Thus, while previous 
research mainly explored ICT as an enabler of digitalized co-production, in this study we address the barriers, and 
ways to handle them.  

METHODS 

The data collection was performed as semi-structured interviews adhering to the principles of creating an interview 
guide with different research themes, but also allowing for free associations of the respondents (Myers, 2009). 
Eight respondents were interviewed, representing various study perspectives. Two of them had double roles, i.e., 
represented double perspectives. The respondents included, first, an expert from the national authority that 
coordinates emergency management in Sweden. The respondent was one of the initial drivers of the volunteer 
first response concept. Second, two suppliers who have developed commercial apps for volunteers. The first app 
is used by one of the largest fire associations. The second app is used for spontaneous volunteers in search for 
missing people. However, the supplier has added functionality to suit the first response concept. Third, a 
respondent who works with the volunteer first response on behalf of the PSAP. The Swedish PSAP is half state, 
half private owned with its own app under development. The respondent thus represents both the needs-owner 
(dispatch of volunteers) and supplier perspective. The needs-owners are further represented by a respondent from 
the rescue services, who is the leader of the largest volunteer initiative, taking in a large fire association outside 
the capital of Stockholm. The initiative includes both urban and rural settings. Another respondent comes from a 
research foundation which is related to the national authority. The respondent is also active as a volunteer. He 
thus has a double role of expert and end-user. Finally, the end-user perspective is represented by two additional 
volunteers active in rural and urban settings in the municipality outside Stockholm. The respondents are 
summarized in Table 1 and the various perspectives in Table 2.  

 

Table 1. The study respondents 

Respondents  

National authority 1 

Research foundation related to national authority 1 

Supplier (IT-companies) 2 

PSAP 1 

Rescue Services 1 

Volunteers 2 

Total 8 

 

Table 2. The various roles/perspectives represented in the study 

Perspectives  National  Supplier Needs-owner  End-user Total number of perspectives 
represented 

  2 (1+1)  3 (2+1) 2 (1+1) 3 (2+1) 10 
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Data Analysis  

The respondents constitute a strategic sample (Myers, 2009) in that they have been chosen to represent various 
perspectives on the concept and the related ICT. We deemed it necessary to use this sampling strategy since the 
volunteer initiatives are not established at large scale. Thus, we needed to reach people who have sufficient 
experience of them. All interviews were carried out on-line using zoom, due to the pandemics. Each interview 
took 1-1,5 hours and was carried out by one researcher. The interviews were recorded, and audio files re-visited 
when complementing the memory notes and for citations. We carried out a thematic analysis (Myers, 2009) in 
which we clustered data into themes relating to the ICT and associated barriers. It should be noted that the data 
collection was broad also including status of the volunteer concept and organizational challenges. For this study, 
we focus on the ICT. 

RESULTS   

We present ICT as a potential barrier to digitalized co-production, divided into the various themes. 

Various ICT Systems in Use 

All municipalities but one still relies on the SMS-lists, mainly due to cost reasons. There are several limitations 
to this. According to the needs-owner from the rescue services, its most central barrier to effective response is that 
the volunteers are not dispatched by geographical positioning and sometimes do not even receive the co-ordinates 
of the incident site. The app provided by supplier 1 is implemented only at the large fire association in the study 
(Figure 2). The major functionalities include alert and dispatch through geofencing. Critical alerts go through also 
when a mobile phone is set to “do not disturb” mode. They also include a chat connected to position, where 
volunteers can communicate with each other, a map with navigation to the incident site and messages displaying 
basic information of the incident (e.g., type and number of casualties). Supplier 1 points out that developing an 
app solution for civil citizens is substantially technically more complex than developing for organizations. This, 
since an organization usually have one system platform while the volunteers use various android and iPhone 
versions.  

Figure 2. The app used to dispatch volunteers. 

 

The app provided by supplier 2 is used for coordinating spontaneous volunteers. The idea is to allocate the right 
volunteer with the right competence to the right place and task, something we call dynamic resource allocation. 
Examples of functions are a common operational picture based on geofencing where you can see volunteers move 
in real-time. Thereby you can keep them out of the wrong places and directly allocate tasks. It also includes 
information to volunteers during a search, surveys that may be turned into after-action-reviews and where you 
may ask for support, instructions for equipment, etc. There is no control mechanism of who sign-up as volunteer. 
The app is not applied in any first response volunteer initiative, but the respondent argues that it is easily adapted 
to this context. He is currently in dialogue with several rescue services, but expresses frustration as to the slowness 
in this process and requests national coordination:  

with some economical support for working with integrating and launching our solution to the rescue services this will only require a short 
period of time, say about four months. I can even do some work for free….but there seems to be no interest for this support 

The app by the PSAP has thus been under development for more than five years, which is also acknowledged by 
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the PSAP respondent. The main explanation is technical complexity and that they, as alarm operators, must 
provide a robust and secure solution. As for autumn 2021 they are ”closer than ever to release”. In the app, one 
can sign up as volunteer. The rescue services then verifies that the person is suitable (e.g., do not have a criminal 
record). Major functionality includes alerts (also when mobile phones are in quiet mode) with basic information 
on the incident and receipt of alert. As volunteer, you only receive additional information if you provide a 
receipt/acceptance. There is also a withdrawal function should a situation turn into something dangerous. There 
is no map or chat functionality. Thus, you do not know if you go on the alerts on your own or not. The needs-
owner from the rescue services, tells that they will not start testing the PSAP app before its geofencing 
functionality works which does not seem to be the case. Lacking geofencing may work in small communities with 
few alerts, but not in urban settings. In the central part of the municipality, not having geofencing displaying a 
narrow radius, implies that a volunteer will receive 3-4 alerts per night which will lead to alarm fatigue. In the 
long term, they will switch to the PSAP app, not because it is necessarily better, but for cost reasons. Since the 
PSAP provides an overall agreement, the costs can be “hidden” among other services they provide to the rescue 

services. The withdrawal function also plays a major role, since an app without this functionality, might expose a 
volunteer to a dangerous situation (e.g., fires in cars turning into shootings).  

System Relations 

Supplier 1 says that their app dispatches volunteers through the rescue services back-office systems, i.e., they are 
not connected to the PSAP system. He is critical to the PSAP who he believes strain market competition through 
not releasing their API/interface for other ICT solutions to jack into. This means that other apps cannot implement 
certain central functionalities. The respondent argues that since the PSAP wrap their solution in an overall reduced 
offer they lock the rescue services to their solution. He asks whether the PSAP is a private or a public actor here. 
Supplier 2 states that if the PSAP will come up with an app that is equivalent to those of commercial suppliers, 
response organizations will pick their solution without doing a procurement. The needs-owner from the rescue 
services thinks that the PSAP should not develop apps at all but concentrate on the API which they can then sell. 
Their technical development does not seem to work which severely inhibits those rescue services using or wanting 
to use volunteers. He points out that the dispatch function is central to the volunteer initiatives, and the major 
challenge for now. The rescue services are dependent on the PSAP and therefore a “status quo” has emerged.  

The PSAP respondent on the other hand, claims that they will release their API once their app is ready and that 
they are positive to a free market and various solutions. They invest in basic functionality that other actors can 
complement or mimic. He sees their role as suppliers of basic services so the recue services will not have to build 
themselves but can add modules if needed. Their taking a fee is rather to support the rescue services in building a 
sustainable, expandable organization for volunteers. Too expensive systems will make the rescue services tire. 
The respondent, does not, however, believe that all solutions will survive, and that standardization of some app 
functions are necessary. Currently, the PSAP has its own server client, speaking with its own systems.  

The suppliers argue that the PSAP should release their API before their app. Otherwise, competitors cannot build 
secure solutions. The national expert agrees to a diversified market and states that there are several quality apps 
available but that these are difficult to sell to more than individual rescue services due to associated costs. Here 
maybe the national authority must act as coordinator in the development of standardized basic functionality. The 
choice will likely be the PSAP since they are alarm operator. The major challenge is who is to operate and manage 
the systems over time. The national expert, in contrast to the suppliers, believes the PSAP strategy is out of 
causality and necessary due to juridical risks of open data, connected data sources etc. However, in the long-term, 
release of a joint API is necessary. The respondent from the research foundation agrees that it is easier to put effort 
into one basic solution, manage it over time and add modules. The solutions must also be economically beneficial 
to the rescue services who will select the cheapest, not necessarily the best alternative. They would also rather pay 
the PSAP than to pure commercial actors. As to why the PSAP app is not yet released, supplier 1 believes that the 
organization has underestimated the technical difficulties in developing ICT that run on different android 
platforms, since they have not done this before:  

We still have the challenges five years after we started working with this. So why would not they. 

Supplier 2 and the rescue services’ needs-owner also believe that the PSAP have problems with their geofencing 
and that problems seem technical rather than security related. The final statement on release was that it should 
take place the third quarter 2021 but this has still not happened. The PSAP respondent, on his part, points out that 
apps must be disconnected from the work environment of the alarm operators, e.g., automatized alerts. This to 
avoid work overload. This is one tough part of the development process and causes delay. The commercial app in 
use however applies manual parallel handling of alerts, to avoid automated mistakes.  

The respondents describe negative consequences of various ICT solutions being in orbit. The respondent from the 
research foundation describes things as “messy”. When he acts as volunteer/end-user, he receives double messages 
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from SMS-lists and the app. Some volunteers handle this and accepts unstable technology while others quit. End-
user 1 tells that in his community they have even resumed the SMS-solution since it is deemed more reliable than 
the app as to receive the alerts. End-user 2 believes that double alert systems are good, since none of the solutions 
work properly. She does not receive the app alerts but the SMSs sometimes. In the SMSs however, one must 
connect the coordinates to google maps yourselves losing time and they do not go through if you have your mobile 
in quiet mode. But the chance that you receive the alerts one way or the other increases.  

Supplier 2 claims that several rescue services have expressed interest in their solution awaits decisions from other 
actors. Commercial actors will not be able to procure since there are no options to procure against. Supplier 1, on 
the contrary, argues that authorities should not point at one alternative. He proposes an investigation describing 
advantages/disadvantages with various solutions and says that choice of solution is no lifetime decision. Rather, 
it is easy to change if you access the API and have procurement guidelines. The emerging picture is thus one of 
conflict and various perspectives contradicting each other. This is also confirmed by the national expert who states 
that there are:  

plenty of conflicts, in the organizations and among the rescue services and sometimes between the large rescue services and the PSAP. 

Several of the large rescue services want the authority to develop a parallel joint national app. However, this is 
not practically and economically feasible, according to the expert.  

Dynamic Resource Allocation 

Supplier 1 argues that dynamic resource allocation is an unused resource since volunteers in some small 
municipalities now extend 100 persons which are too many acting on all alerts. It would be possible to have 
volunteers specialized towards traffic accidents, fires, drownings and apply a flexible radius depending on what 
area you are in. They have the technical engine to dispatch based on competence. The PSAP have the functionality 
to dispatch based on capability in another version of their app. The PSAP respondent says that they currently 
discuss how this could apply also to volunteers, with specialized volunteers going to heart failures, fires etc. It 
should be possible to select a resource depending on who are closest to the incident site, not all these positioned 
within a certain radius. Somewhat ironically, the only app who has dynamic resource allocation functionality is 
the app used for spontaneous volunteerism. According to supplier 2, it includes 153 properties to select from 
making it possible to create specific volunteer profiles. Templates support co-ordination of right competences and 
equipment, e.g., access to vehicles. The respondent from the research foundation/volunteer suggests that it should 
also be possible for a volunteer to pre-select their personal profile and what emergencies they will respond to. For 
instance, some volunteers do not act on traffic accidents anyway (because they know these may involve mortally 
injuries) but act on fires. End-user 2 suggests that with dynamic resource allocation, it would be possible to use 
volunteers in more types of alerts. For instance, she works in the Prison and Probation Service and is used to 
handling suicidal situations. The needs-owner from the rescue services on the other hand problematizes dynamic 
resource allocation claiming that:  

without a well thought out alarm strategy dynamic dispatch may become restrictive rather than effective. 

For instance, if a volunteer having special competence is near an incident but another volunteer is nearer, which 
one should go? This will likely vary with situation. This is confirmed by end-user 1 who is basically positive but 
points out the need for a carefully thought-out alert strategy, e.g., to ensure that not the same volunteers are 
dispatched to too many incidents.  

End-user Perception 

According to supplier 1, the volunteers have high demands on the app and are active in posing own requirements. 
On androids they do not always receive the alerts in time, which make them frustrated. Otherwise, they seem 
satisfied. A problem, however, related to positioning, is that the volunteers receive the co-ordinates from the back-
office system and sometimes these are inexact. Then, they blame the supplier. The supplier has attempted to solve 
this by developing the chat version so that the volunteer first to find the incident site can inform the others. This 
picture is confirmed by the respondent from the research foundation, in his role as end-user. He thinks the app is 
“good enough” even if there is always room for improvements and adding of functionality. He also notes that the 
app seems to work better on iPhone than androids. The needs-owner from the rescue services also rather blame 
old android versions when there are technical difficulties. He notes that the app has improved much over time and 
agrees that supplier 1 has been responsive in gradually improving it, based on user input. End-user 1 confirms that 
they have collaborated with the supplier in looking at maps, and re-distribution of geographical areas when 
geofencing is incorrect or alerts do not show up. He simultaneously points out that the current version does not 
work satisfactorily, especially if you are on an android. Some volunteers do not receive alerts, must open the app 
to see them, or receive delayed alerts, which make them arrive too late. He has compared time differences between 
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app and SMS-alerts and sometimes it is substantial. He concludes that when the app works, it is fine. But its 
lacking in reliability makes it difficult to keep volunteers motivated over time:  

People ask the question: was there an alert? They get tired. Especially those who lives in rural areas where they are really needed. 

This is similarly argued by end-user 2 who experiences similar problems, even though she and he partner (who is 
also a volunteer) have the same iPhone versions and the same installations. Sometimes they “sit next to each other 

in the sofa and one of them receives the alert but not the other”. She talks about a traffic accident in which five 
youth were involved and one died, that were minutes from her home. However, she did not receive the alert, but 
a neighbor came to get her. Also, if you log out of the app, it may be difficult to log in again. Therefore, she does 
never log out, even if she is in a place where she is not able to go on the alert.  

As to the PSAP app, end-user 1 has another version of it developed for functional defense and agrees that this 
version works sufficiently. However, sometimes information “disappears”, implying that you must take 

screenshot not to lose it.  The respondent from the research foundation, uses the same app version when working 
as part-time fireman, and thinks it works well. It needs some re-development to be usable for volunteers, though. 
The PSAP respondent claims that they have started testing the volunteer version with volunteers and some fire 
services (i.e., not sharp use) but have not yet had time to take care of initial end-user testing experience. The 
needs-owner from the fire association says they have not been involved in its development but potentially some 
other rescue services. Still, he believes that the development mainly takes place “behind closed doors” and that 

volunteers do not seem to have participated.  

Secrecy 

The suppliers and the PSAP respondent claims that they have designed the apps to follow existing EU-regulations 
on GDPR (in comparison to the SMS-lists which are open and volunteers identifiable). However, the PSAP 
respondent believes that following regulations, on secrecy (e.g., the Patient Data Act), and GDPR in combination 
with open data is a challenging part in the development process requiring much work on part of their lawyers. If 
you provide too detailed information on address, apartment number etc., the identity of a person can be revealed, 
which is legally questionable. The organization must balance this and are confident that they will solve it. The 
suppliers do not experience the same problem. On the other hand, the respondent from the research 
foundation/end-user says that there are occasions when it is possible to identify victims from the information, 
especially if there is a small community and/or a villa neighborhood. The rescue services’ needs-owner similarly 
points out dilemmas arising if a volunteer is at the fire station while medical alerts are announced, and they 
overhear them. End-user 2, on the contrary, thinks that there is too little information in the alerts, and that secrecy 
issues may refrain volunteers from going if they do not know what to expect at the incident site. She mentions a 
situation on medical alerts when the volunteer in question did not know that it was a cardiac arrest, was in chock 
and unable to help when arriving.  

Follow-up functionality  

Several respondents agree on the need to develop functions that enables measures of effects of using volunteers. 
The PSAP respondent claims that they need to become much better in connecting the current incident reports with 
effect measures in the app such as “who was dispatched”, “response time”, “time at the incident site”. Supplier 2 
points at the possibility to extract statistic data from the app. The respondent from the research foundation also 
points at the need to follow data and save information. For instance, it would be good to register when a volunteer 
arrives at the incident site and when they leave. It is possible that the foundation could support this by creating a 
function to collect information over time, at a low cost. The national expert is also clear about the substantial need 
to study the effects of volunteers in quantitative terms.  

DISCUSSION   

Many studies show that governmental objectives commonly associated with digitalized co-production include 
efficiency and engagement, against a background of strained fiscal resources (e.g., Voorberg et al. 2019). 
Governments use ICT to reduce the cost of information sharing and to scale-up networks of public involvement 
for co-production with low expenditure (Brabham, 2009). Our study is a clear illustration of similar reasoning in 
emergency response. Even if the volunteer initiatives are local and bottom up, there is hope that they will increase 
efficiency of first response at a low cost. Other studies demonstrate that ICT enabled co-production improves 
service quality, resulting from incorporation of citizens’ resources to complement professionals’ expertise. 

(Sombro et al., 2017). This also relates to emergency response. Complementary efforts of volunteers have on 
many occasions, saved lives and property. Meanwhile, digitalized co-production is an emerging phenomenon. 
Lember et al. (2019) calls for more studies focusing the actual outcomes. Our study reflects this notion as we 
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describe outcomes of local initiatives emerging in emergency response a decade ago. We conclude that the 
initiatives have not had the progress as was expected. This is due to intertwined organizational barriers (e.g., 
potential work overload for operators, market competition, the PSAP double state-private role, different views on 
secrecy) and technology related hindrances (geofencing, robustness, difficulties to build reliable ICT-solutions 
for various platforms). As a result, we have a somewhat chaotic situation where double dispatch systems are in 
use, the dispatch is potentially risky, and where some volunteers have retorted to the SMS-lists they started out 
with ten years ago. The barriers to dynamic resource allocation and extracting statistical data have to do with 
organizational immaturity. The technology is available, but the rescue services must have the overall volunteer 
concept up and going – and access to the API - before a step towards specialization, dispatch strategies and “proof 

of concept” is possible. Putting the analysis in a wider context, barriers to digitalized co-production include 
governmental inability to integrate citizens’ contributions, additional work or needed professional staff training, 
skepticism among public employees, citizen engagement over time, and costs for ICT platform maintenance (e.g., 
Kurniawan and de Vries, 2015). The two latter is certainly present in our study. However, surprisingly few, if any, 
studies explicitly focus the barriers built into the ICT artefact itself. Meanwhile, our study shows that it has become 
a central barrier to the expansion of the digitalized co-production.  

In emergency management, studies on digitalized co-production are scarce, mainly relates to large-scale crises, 
spontaneous volunteerism, and speak about opportunities. For instance, Chatfield et al. (2013) points out how 
rapid information exchange can facilitate real-time citizens’ contributions to co-production in tsunamis. Here, we 
contribute to advance knowledge on bottom-up, local hybrid initiatives where the volunteers are a defined, smaller 
group of citizens. The study illustrates how digtitalized co-production takes place outside clear 
governmental/organizational boundaries but nevertheless moves between organizations and ICT artefacts, with 
consequences for the design/non-design of the technology. The identified dispatch barriers contribute to higher 
risks, that people do not go on alerts, express larm fatigue or even resign as volunteers. Thereby, design deficiences 
contribute to limit or endanger the volunteer initiatives. A conclusion is that emerging, hybrid forms of digitalized 
co-production need more national coordination and steering, than for earlier types of volunteerism in emergency 
management. This goes for those organizational challenges that are not included in this study but also for 
development, integration and handling of the ICT artefacts.  

CONCLUSION AND FUTURE WORK 

Translating the study results to recommendations and conclusions, the suppliers, the national authority and the 
PSAP agrees that various solutions for various purposes, connected through a joint API is the way ahead, but have 
much different time perspectives. Market competitiveness and unclarity of the PSAP role with monopoly on broad 
agreements to the rescue services, contributes to the delay. There is no straightforward way to handle this. 
However, since the respondents point at similar interests (even if there may be hidden agendas), a first step is to 
simply talk to each other and define a joint strategy. The national authority seems to have an interest to co-ordinate 
future volunteer efforts. Their respondent mentions development of quality assurance processes, licensed training, 
and certifications of volunteers. We suggest that they also develop an expert group including people with technical 
expertise, representatives from the needs-owners, the PSAP, and end-users, for building the API and develop 
standardized basic app functions. For end-user involvement they can also use existing horizontal networks of 
rescue services working with volunteers, which we know have much experience and suggestions, also on the ICT. 
To release the API in near time seems a priority. Without it, suppliers cannot implement withdrawal functions, 
which exposes volunteers to unnecessary risks with potential consequences that can endanger the entire volunteer 
concept. In a wider digitalized co-production perspective, we conclude that the emerging hybrid forms need to 
maintain a balance between self-steering and (inter)organizational co-ordination with national support, between 
decentralization and centralization - if they shall survive and expand.  

The study is based on eight interviews and the respondents may not always be representative of their stakeholder 
group. Two of the respondents had double roles, the national expert and needs-owners are drivers of the concept, 
and the suppliers have a commercial interest. All this may have affected the study results. At same time this 
demonstrates the intricate complexity of digitalized co-production where double roles of stakeholders may also 
contribute to ICT as a barrier. However, the research needs to be tested and replicated with more respondents in 
similar contexts. Our future research includes reaching out to more respondents, prototyping and testing 
functionality for dynamic resource allocation, and carrying out quantitative effect measures.  We will thus 
continue focus on emerging hybrid forms of co-production, including enablers, barriers and long-time perspective 
evaluations, to successively add to the scientific knowledge base in this domain.  
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ABSTRACT 

Improving the survival rate of Out-of-Hospital Cardiac Arrest (OHCA) remains an important public health issue. 
Indeed, current survival rates are approximately 10% and can be significantly enhanced by early Cardiopulmonary 
reanimation (CPR) and early defibrillation. Bystanders are most likely to perform these acts, but few resources 
(such as digital apps) are dedicated to them due to a lack of confidence in their abilities from them and from the 
professionals. In order to build trust and collaboration between the dispatchers and the bystanders, an OHCA 
simulation workshop was conducted involving the whole survival chain. The main idea consisted in getting the 
participants to interact via an application dedicated to bystanders which provided a CPR demonstration video. 
The aim was to analyze the effects of this video on the CPR itself and especially on the lived-experience of the 
participants. A further objective was to assess how the shared workshop would affect the relationship between the 
stakeholders. 

Keywords 

OHCA, survival chain, engaging bystanders, trust, living-lab, apps 

INTRODUCTION 

Improving survival of out-of-hospital cardiac arrest is a consistent public health concern. On a global level, the 
incidence of out-of-hospital cardiac arrest averages 55 per 100,000 persons each year (Yan et al., 2020). Only 7-
10% of those survive (Gräsner et al., 2020; Rumsfeld et al., 2016; Berdowski et al., 2010). The three critical 
elements currently identified to improve the survival rate are early recognition, early cardiopulmonary 
resuscitation and early defibrillation (Deakin, 2018, Perkins, Handley, et al., 2015). Therefore, the witness or 
bystander is the individual who can act the most quickly on these three elements. He can indeed call the emergency 
services and give information to the dispatchers in order to recognize the cardiac arrest and then perform an early 
cardiac resuscitation as well as a defibrillation if he has the possibility to do so. Even if he is unable to perform 
defibrillation, chest compressions prolong ventricular fibrillation through blood flow into the myocardium, 
enhancing the chances of successful defibrillation by paramedics (Berg et al., 2019). Data collected in 2018 by 
the Cardiac Arrest Registry to Enhance Survival (CARES) in the United States indicates that 13.6% of patients 
with bystander CPR are discharged from the hospital alive versus 7.3% of patients without bystander CPR. Among 
those whose primary Automatic Electric Defibrillation (AED) was initiated by a bystander, 47% survived to 
hospital discharge. In contrast, 28% of victims initially defibrillated by a first responder has survived (Souers et 
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al., 2021). However, bystander rates for defibrillation and CPR remain quite low according to various studies and 
geographic areas. It ranges from 1 to 18% for defibrillation and from 10 to 40% for CPR (Valeriano et al., 2021; 
Virani et al., 2020). In light of these data, there is a need to understand which levers can improve these rates. It 
also involves reviewing the currents tools and resources available to both bystanders and dispatchers in OHCA 
situations. 

STATE OF THE ART

Survival chain in OHCA 

Dispatchers are identified as the critical actors in getting bystanders to initiate cardiac resuscitation (Harjanto et 
al., 2016). However, the chain of survival includes several interveners (bystanders, dispatchers, first responders1, 
paramedics) that collaborate (Deakin, 2018). Current European recommendations suggest to "never evaluate the 
value of (bystander) CPR in isolation but as part of the whole system of healthcare within their region. (Bystander) 
CPR seems feasible in settings where resources and organization support the integrity of the chain of survival." 
(Mentzelopoulos et al., 2021). In addition, the context of the intervention in a given region with associated 
resources must be considered. Thus, not all countries and even regions have access to the same means of action. 
Some call centers use digital applications that allow first responders to intervene on OHCA as Pulsepoint (US), 
GoodSam Alerter (UK), HeartbeatNow (Netherlands), Staying Alive (France), Save a Life (Switzerland), 
MycitySaves (Germany) (Valeriano et al., 2021) which has proven to be effective by increasing the survival rate 
to 35% (Derkenne et al., 2020). Although there are digital solutions to improve the handling of cardiac arrests on 
the side of the first responders, the second link in the chain of survival, there are fewer solutions available to 
improve the response of the first link, the bystanders. Indeed, only 7% of the digital emergency applications are 
dedicated to them compared to 28% for the first responders (Gómez et al., 2013). As mentioned in the introduction, 
the survival rate increases when the witness performs CPR. The applications intended for bystanders that allow 
them to receive videos demonstrating the CPR gestures not only increase the number of CPRs performed (82.7% 
compared to 77.1% in audio guidance2) (Lee et al., 2020); but it also improve the quality of the CPRs (in terms of 
rhythm, depth of compressions, number of interruptions and positioning of the hands, etc.) (Lin et al., 2018; 
Stipulante et al., 2016; Bobrow et al., 2011; Yang et al., 2009; Johnsen & Bolle, 2008). However, there are reasons 
why fewer applications are available to citizens in general than to first responders. There is more reluctance to get 
bystanders and dispatchers to work together than there is between first responders and dispatchers. 

Limitations to bystander CPR performance 

Effective cooperation between bystanders and dispatchers depends partly on the pre-existing climate of trust 
between the communities. Karsenty (2015) indicates that there are three determinants to the construction of trust; 
the characteristics of the one who trusts (here, the professional), the representation that he/she has of the other 
(here, the bystander) and the representation that he/she has of the situation. The representation that the health 
professionals have of the bystander is indeed a important obstacle. They are perceived as a hindrance because of 
their lack of knowledge and experience (Bird et al., 2020; Reuter et al., 2016; McLennan et al., 2016; Scanlon et 
al., 2014), which makes them " untrustworthy ".This lack of confidence is shared by the bystanders themselves as 
they admit being reluctant to perform CPR due to their fear of causing harm to the victim and experiencing 
emotional distress (Berg et al., 2019; Bouland et al., 2017; Kanstad et al., 2011). Several countries have established 
a law to exempt the citizen from the responsibility of the possible injuries he could inflict to the victim while 
providing life-saving assistance (the French law of July 3, 2020 created the status of the citizen rescuer). The 
purpose of these laws is to try to make citizens overcome this fear and take appropriate action. To surpass this, 
several countries offer regular first aid training to citizens. This has improved the CPR rates in some countries 
such as Sweden and Denmark (Uny et al., 2022), however, even in countries where this is mandatory, such as 
Switzerland, the training no longer reduces the fear of bystander after a period of 6 months (Regard et al., 2020). 
However, the fear and the lack of trust are not the only obstacles to collaboration. Some authors also argue that 
collaboration is difficult because both populations are not used to encountering each other and interacting (Boin, 
2009). Also, when they do interact, tensions emerge due to misunderstandings because there is neither a common 
language nor a pre-established shared referential (Reuter et al., 2016; Chave, 2011). Moreover, the memory of 
past collaborative experiences affects the ability of actors to trust similar individuals again. Thus, the less 
satisfying previous interactions have been for dispatchers, the less they will trust and rely on bystanders in the 
following interaction (Karsenty, 2015). The collaboration among bystanders and dispatchers as well as between 

1 First responders are trained first-aid providers who are registered and alerted in case of an emergency event (e.g. cardiac arrest) happening 
within a radius of 200m to 10km from them (depending on the app).  
2 In a simulation study 

792 

WiP Paper – Technologies for First Responders 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 



Morand et al. Simulation workshop to build trust within the survival chain 

all members of the chain of survival is essential to increase the chances of survival of a victim of cardiac arrest. 
This is why we are looking to identify a methodology that can meet the needs identified. Thus, the Living-Lab 
appeared as an efficient methodology to address the identified needs. 

The living-lab: a meeting space for stakeholders enabling them to live shared experiences to build a 
common frame of reference 

The Living-Labs are described as " physical regions or virtual realities in which stakeholders form public-private-
people partnerships (4Ps) of firms, public agencies, universities, institutes, and users all collaborating for creation, 
prototyping, validating, and testing of new technologies, services, products, and systems in real-life contexts ” 

(Leminen et al., 2012). This method makes it possible to gather all the partners around a shared situation to test 
an innovation. In the situation of cardiac arrest, the bystanders, the dispatchers but also all the actors of the survival 
chain (first responders, ambulance drivers) can be brought together to test an application for example. The purpose 
is not only to test this application to improve it but also to get these communities to meet and share common 
experiences, as they are not used to collaborating, especially with the bystanders. Studies on Living-Labs have 
shown that participating together in the co-creation and testing of a product is associated with positive effects on 
trust between citizens and public institutions (Fledderus, 2018).. In addition, the shared experience itself leads to 
the development of a common discourse and frame of reference (Gerhold et al., 2020; Munkvold, 2016). The 
experiments in health Living-Labs are not conducted in a real context but rather in a semi-real context 
(simulations) given that it could be hazardous for both citizens and professionals as well as for the victim to 
experiment in a real-life situation (Leitner et al., 2007). Thus, authors recommend the use of simulations or 
scenarios to replicate emergency situations (Gerhold et al., 2020; Mentler et al., 2017). This article focuses on the 
test of OHCA scenario in a semi-real context involving all stakeholders in preparation of setting up a full-scale 
Living-Lab in the following months. The overall objective is to develop a territory-based community of care that 
is familiar with all stakeholders (bystanders, first responders, paramedics, dispatchers) and the situations. 

METHODOLOGIE 

Research questions 

In this study, the focus have been made on the interaction between the dispatcher and the intervenes on site 
(bystander, first responders, paramedics). The literature review oriented our work around three axes. 

QR1: What is the current activity of a dispatcher and what is the procedure for handling OHCA? 

In order to get as close to reality as possible, it is necessary to understand how a specific regulation service works. 
Indeed, the emergency call centers are different from one territory or region to another and do not necessarily 
work with the same partners and procedures. As a first step, we must understand the context of the emergency 
service concerned by our intervention. 

QR2: Which benefits and barriers are associated with the use of a video-based application for the response to 
OHCA? 

The literature on this subject provides answers; video allows the improvement of CPR (better compressions, less 
interruptions...). Therefore, it is worth investigating whether the dispatchers of this emergency call center actually 
consider video as a benefit and identify the eventual limitations to its use. 

QR3: How do the workshops affect the participants' experiences and the relationship between the stakeholders? 

Finally, the central question of our research is based on the premise that trust enables greater collaboration. That 
confidence stems from previous collaboration as well as a deeper understanding of each other's roles and 
functions. We aim to identify any effects (positive or negative) on the participants' relationship resulting from our 
workshops (simulation, joint debriefing).  

Presentation of the terrain and application 

The Emergency Health Centre 144 

The Emergency Health Center 144 is located in Geneva and is part of the University Hospitals of Geneva (HUG). 
In 2020, the unit responded to 126,000 emergency calls. The emergency center is divided into a regulation room 
with 11 stations, an overflow room (4 stations) and a health operational center (12 stations in case of major events). 
In 2021, the staff consists of 47 employees: 26 nurses/ambulance dispatchers, 6 supervisors, 3 managers, 4 
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physicians and 8 support staff. 

For the past two years, the center had a partnership with the Save a Life first responder application, which includes 
a community of 1,000 individuals (out of 4,500 residents in the canton) in which three groups of volunteers (health 
professionals, first responders, citizens with BLS) are divided. These volunteers are alerted in case of OHCA via 
a button integrated in the dispatch system to intervene as soon as possible on the situation. 

SARA app 

The application we propose for these simulations is the SARA application. This application has been developed 
by the Brigade des Sapeurs Pompiers de Paris (BSPP) since 2017. It includes a smartphone / web app and a back 
office for the regulation center. It allows the dispatcher to have access to the position and the camera of the 
caller. The dispatcher can also send the witness one of eight demonstration gesture videos:  

- Cardiopulmonary resuscitation (Adult, child, infant)

- Heimlich maneuver (Adult airway obstruction)

- Mofenson maneuver (Airway obstruction in children under 2 years old)

- Lateral Safety Position

- Placement of a garrot (tourniquet)

- Application of a pressure patch.

This application was selected because the video used in the tutorials is time-optimised and was the subject of a 
thesis using dummies in experimental situations (Lesaffre, 2014). We want to continue this study in a semi-real 
context to confirm or deny the benefits of this demonstration video in a context where real constraints appear. 
Moreovere, the application is situated in a segment of intervention that has been unexploited until now. Indeed, 
first responder applications only allow to act on the situation when the volunteer arrives on the scene, when SARA 
allows then to do the initial relay by involving the calling witness in the CPR. 

Methodological approach 

Protocol 

The research protocol was divided into two phases. The first one, a comprehension phase aiming at understanding 
how the central operates, the dispatcher's function and the actual OHCA procedure. For this purpose, 5 interviews 
(about 30 minutes) were conducted with 2 dispatchers, 1 coordinator, 1 assistant dispatcher and a physician.  

The second one, an lived-test phase, intended to carry out simulations of cardiopulmonary resuscitation using the 
SARA video. These simulations were conducted during the World Heart Day at Genève. The workshops took 
place in 2 sites simultaneously with 6 partner patients3 (noted PP), 5 Save a Life first responders (FR), 6 ambulance 
drivers (noted P, HUG park) and 2 dispatchers (noted D, 144 central). The participants were recruited by a 
physician from the emergency dispatch center. He contacted the "patient partners" association to recruit 
volunteers. Similarly, he recruited volunteers from the first responders' association with whom he currently works. 
The simulations were all based on the same scenario with different variables (1/2 bystanders, 1/2 first responders, 
sending the SARA video with audio guidance from the dispatcher vs sending the video without audio guidance 
from the dispatcher). They were then followed by collective elicitation interviews with all participants per 
simulation (about 30 minutes) conducted on Zoom. We also conducted one additional elicitation interview with 
both dispatcher a few weeks later (50 minutes). Elicitation interviews (Vermersch, 1994) are a particular interview 
technique that allows the interviewee to focus on his or her experiences and feelings during a particular event. 
The interviewer aims on deepening the lived-experience and sensations while avoiding questions that lead to a 
rationalization of discourse (Vermersch, 1994; Cahour et al., 2016). This technique can be used with a single 
person or a group (Balas-Chanel, 2014). 

Data collection and analysis 

The interviews of the comprehension phase were audio recorded then fully transcribed and analyzed with Atlas 
according to our research questions. We sought to understand the activity of the dispatchers, to analyze the current 
management of OHCA, to identify the interests and obstacles in using SARA and finally to identify dispatchers' 

3 Patients’ partners are former patients of the HUG who have agreed to be contacted to participate in research conducted by the hospital. 
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needs. 

For the second phase, all simulations and debriefing situations were audio recorded, filmed and then transcribed. 
They have been analyzed using Atlas software with theses following focuses:  

- Describe the course of the simulations and the difficulties
- Analyze the impact of SARA on cardiac massage
- Understand the application's effects on the participants' experience
- Evaluate the effects of the workshop

RESULTS 

The findings section consists of a first part presenting the results of the analysis of the understanding phase based 
on the four points mentioned earlier: dispatcher activity, ACR handling, views on SARA and identified needs. 
The second part of the results presents the findings related to the workshops and is divided as follows: a description 
of the simulations and their technical problems, the benefits of the SARA demonstration video for cardiac 
massage, the workshop effects on the participants' experience and lastly, the unintended side benefits of the 
workshops. 

Understanding phase 

Dispatcher's activity 

The dispatchers of the Emergency Health Center 144 are ambulance drivers or nurses. The dispatch team has 3 
dispatchers in simultaneous shifts of 12 hours each. They are in charge of a single phone line (from answering the 
phone to getting the patient into the hospital). During the day, they are joined by a supervisor (expert dispatcher), 
a doctor and 2 transfer assistants. At night, they work alone and can request the assistance of 2 people on call in 
case of need. The dispatcher's workstation includes a dispatch system with a computer and 4 screens dedicated to 
call taking, specifically to cartography, the emergency phone and the current intervention sheet, the handrail (of 
means and interventions) as well as the planning of the canton's means and web applications used for the 
emergency. Save a Life application is integrated on this screen. The dispatcher also disposes of complementary 
systems, a HUG computer (patient files), a state computer (administrative network) in which SARA is installed 
and a radio communication station. 

The dispatcher's mission is to handle a call "from the moment the phone is picked up to the moment the mission is 
assigned, received and acknowledged". He is then in charge of coordinating and following up the intervention. 
This process consists of picking up the call and identifying the location as a first step. The dispatcher must then 
understand the context of the intervention: what is the situation, what is the environment? Next, the dispatcher 
needs to assess «the emergency quantity ". In order to evaluate the emergency level, the operator has two scales: 

- The Swiss scale of sorting which corresponds to a "code that matches a pathology, a degree of urgency
and a destination" categorizing the situations in priority (P1: maximum priority taken care of 90”, P2:
20’, P3: 2h, P4: beyond 2h).

- The NACA scale, which evaluates the gravity of the patient's condition; from 0 (unharmed) to 7 (dead).

As soon as the patient's condition is established, the dispatcher selects the appropriate means, sends it to the 
victim’s location, and monitors the intervention until the patient arrives at the hospital. This process is the generic 

procedure of responding to an emergency call. The next paragraph provides a more detailed description of the 
cardiac arrest procedure. 

Handling a cardiac arrest call 

There are approximately 2 cardiac arrests per day in the canton of Geneva, 67% of which are at home. Cardiac 
arrests are a P1 in the Swiss triage scale. This means that the dispatcher has 90 seconds from the moment the 
phone is picked-up to recognize the cardiac arrest and then send the appropriate means. The procedure is 
automated with pre-established questions that appear on the screen ("Is he conscious? ", "Is he breathing? 
Abnormally/not? » The answers to these questions determine whether or not the patient should be resuscitated and 
allow a quick dispatch of resources while alerting the Save A Life first responders through an integrated button 
displayed on the engagement system (on the same screen as the intervention).  

At this point, the dispatcher is able to try to start cardiopulmonary resuscitation with the witness. Throughout the 
interviews, it became apparent that this task is often challenging for the dispatchers. They explained that witnesses 
might not even dare to approach the victim for the assessment phase "even to put their hand on the stomach [to 
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check for respiration]". They further elaborate on the fact that the witness often refuses to massage because « he 
doesn't want to do anything stupid ". Consequently, they emphasize that the focus is placed on the rapid 
recognition of cardiac arrests so that professionals can be sent to the victim's location as quickly as possible, since 
at this stage "continuing to perform telephone-guided procedures is not the easiest thing to do " 

Benefits and barriers to using SARA 

The first benefit mentioned by the dispatchers is the possibility to send videos to witnesses. Indeed, one of the 
dispatchers reports that some witnesses act because they are trained, others refuse to act and others are hesitant 
and can perform CPR " with a little bit of verbal help on the part of the dispatcher”. He believes that video can 
help convince more bystanders that are hesitant.  

The main obstacle mentioned is the target population of the application, which is young people "who are familiar 
with cell phones [...] who are quite geeky"; whereas the population suffering from cardiac arrest is elderly and 
arrests tend to take place at home "it might be complicated for grandpa or grandma to master this kind of 
technology”. Especially as the procedure implies opening an SMS to access the application, a feature that has 
already been tested elsewhere and whose feedback has been mixed. 

Dispatchers' needs 

First, it is imperative to integrate the application into the dispatch system in order for it to be functional in the 
emergency call center. It should not be on a computer (state) that is separate from this system, which would 
lengthen the procedure for sending the video and waste precious time for the dispatcher and the victim. 

Furthermore, the dispatchers would like to have the option of a video feedback to "keep the connection with the 
caller". This would allow them to get a better view of the guidance they are performing and to catch any mistakes 
in the actual delivery of the massage. 

Simulation phase 

Course and duration of the simulations 

Initially, the different sequences of actions during the rescue were identified (Table 1): the opening and 
identification (location), the request for intervention, the evaluation of the victim's condition, the response 
(initiation of cardiac massage), the arrival of the first responders and finally the arrival of the paramedics. The 
simulations lasted from 7’12 to 8’32. We also noted the arrival of Save-a-Life first responders (between 3’59 and 
5’49). The pick-up call and situation assessment phase (which should not exceed 1’30 for cardiac arrest) lasts 
1’09 for S1, 1’32 for S2, 1’21 for S3, 2’51 for S4 and 1’56 for S5. The start of cardiac massage is 3’15, 4’ and 

4’30, after the initial stall, (S3 and S5 are not representative of a real situation since the partner patients started 
massaging at the beginning of the simulation). Furthermore, we looked at the time between the SMS sending and 
the reading of the video, which lasted between 24” and 1’57 (with the sending of the video and not the link to the 
webapp). It seems more relevant to send the link to the webapp rather than an SMS link to the video.  

Actions S1 S2 S3 S4 S5 

Recognition of cardiac arrest 01:09 01:32 01:21 02:51 01:56 

Sending the video link 01:59 01:48 02:38 03:12 02:26 

Playing the video 02:53 03:45 03:02 03:58 03:53 

Starting CPR 03:15 04:00 00:05 04:30 01:31 

First responder arrival 05:49 05:41 03:59 05:33 05:12 

Defibrillator patch setup 06:01 06:03 04:16 06:20 05:17 

EMS arrival 08:32 08:29 07:29 07:53 07:12 

Time between sending the SMS and playing the video 00:54 01:57 00:24 00:46 01:27 

Time between the reading of the video and the cardiac massage 00:22 00:15 NA 00:32 NA 
Table 1: Sequence duration 
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Figure 1 represent the different stages of the simulation. In simulation 1, the recognition of the cardiac arrest was 
achieved before 1’30, the SMS was then received quickly, the video was opened, the video started after 24”. PP1 
then began to perform CPR but stopped many times until a first responder arrived and continued the CPR. The 
first responder then suggested to PP1 to put the patches of the defibrillator on the mannequin. FR1 continues to 
massage until the arrival of the EMS team. In simulation 2, cardiac arrest was identified before 90” and then the 
video was sent to PP2's mobile phone. However, the video took more than 1’57 to start, which greatly delayed the 
initiation of cardiac massage (at 4’ after pickup). CPR was then continuous until the first responder arrived. 
Simulation 3 presented special conditions since it was a simulation in front of an official audience and there were 
2 partner patients. Therefore, PP4 interacted with the dispatcher on the phone while PP3 performed the massage 
on the patient from the beginning of the simulation. Still, we can see that the cardiac arrest was detected before 
the 90” and the video was started after 24” from the click at the link. Simulation 4 did not identify the OHCA 
before 2’51 for several reasons (sound and comprehension problems) that we will develop more extensively in 
the next section. On the other hand, the SMS sent after the recognition of the cardiac arrest allowed the video to 
be triggered 46” later and the playing enabled the massage to start in 32”, i.e. 4’30 from the beginning of the call. 
The massage was then interrupted due to sound problems. Two first responders then arrived, one resumed the 
cardiac massage and the other placed the defibrillator patches until the arrival of the paramedics. Finally, 
simulation 5 shows that the cardiac arrest was identified in 1’56. However, even before its recognition, the patient 
partner started the massage (1’30) and stopped to open the SMS and view the video at 2’30. The first responder 
arrived and applied the defibrillator patches while the partner patient kept on massaging.  

Technical problems leading to extended processing times 

SARA’s use appears to be only partly responsible for prolonged treatment times. When SARA is functioning at 
its optimum, as it did in S1, cardiac massage can begin in 3’15. Sound-related problems were more prominent 
than problems with SARA itself. It affected negatively two essential elements of the response. 

The efficiency of the treatment process 

The poor call quality may require the dispatcher to repeat the request many times. In S1, the dispatcher had to 
repeat 5 times what he was asking the caller during the cardiac massage, which resulted in 5 interruptions. Indeed, 
PP1 had to lean towards the phone to listen and say, "excuse me?” which naturally interrupted the cardiac massage. 

Figure 1: Course of the simulations 
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8 

Sound problems can also have an impact on the comprehension of the dispatcher's instructions and lead to an error 
or inaction from the bystander. This is particularly apparent in the assessment phase, where the dispatcher asks a 
series of questions and actions to be performed: "Is he breathing? Pinch his hand hard. Put your hand on his belly 
and tell me "top" every time his belly rises". The sound problems made it impossible for 3 participants 
(PP3/PP5/PP6) to understand the actions required as we can see in the example below. 

Simulation 4 
D2: Okay, pinch the back of his hand very hard. When you pinch the back of his hand very hard, is there any 
movement, any reaction? 
PP5: By pressing on the chest ? 
D2: No no, you pinch the back of her hand very hard and tell me if she reacts or not 
PP5: I do not understand very well. 

Additionally, in all situations, first responders arrived with external defibrillators. The use of the external 
defibrillator simultaneously with the SARA video tutorial, the dispatcher on the phone and the first responder 
caused interference and did not allow to hear the instructions, however essential, of the defibrillator (FR1, S2 :  " 
every time I massage, I try to count with the defibrillator and I was waiting for "next analysis in ... " to stop and 
actually I was hearing a voice saying " keep massaging”, I thought it was the defibrillator, so it can be a little 
confusing "). Not being able to hear the defibrillator can be deleterious for the patient who will not receive the 
shock if he/she can benefit from it, but also for the person who massages as expressed by FR4 in simulation 4: "if 
it was an automatic defibrillator, where the shock goes automatically, it says, "Do not touch the victim" but we 
do not hear anything, it can be dangerous". Moreover, the sometimes contradictory instructions of the dispatcher, 
the SARA video and the defibrillator bring conflict for the interveners, especially for novices. 

The dispatcher-witness relationship 

There are four main effects of poor sound quality on the relationship: a rupture in communication, a feeling of 
loneliness for the bystander, a sense of helplessness and uncertainty about the initiation of CPR for the dispatcher. 
Communication breakdown occurs most often in situations where the patient partner is performing CPR; the 
dispatcher asks questions without getting an answer. 

The absence of response provokes uncertainty for the regulator, as expressed later in the debriefing. At that 
moment "[He] wasn't convinced that the massage was there, that it was going well[…]it's total uncertainty of 
knowing if it's well done or not done at all” (D2, S4). He believes that "this loss of communication was harmful 
for [the bystander] as well as for me, and perhaps for the patient". On the bystander side, not being able to contact 
the dispatcher efficiently combined with the inability to hear the video, led to a feeling of loneliness in the patient 
partner (PP5 "I said to myself let's go let's go 'goalkeeper loneliness'"). 

During the debriefing, the dispatcher referred to this moment and said that he felt "helpless" as he was unable to 
assist the volunteer, he explained that he tried to " speak louder than the video to be able to give you the indications 
that were on the video and to accompany you but I felt that it was not working". The problems related to sound 
and their consequences are essential to take into account, as in real life situations these difficulties can arise, 
especially when the victim is on the street where the surrounding noise can be similar (cars, passers-by...). 

Effects of the CPR demonstration video on the efficiency 

Despite the technical problems, 5 out of 6 participants (PP6) appreciate the video, it was described as "helpful", 
”a good input", "stimulating". The benefits of using a video to perform CPR are identifiable in two elements. The 
first one is the improvement of the position and gestures performed. Several participants reported that seeing the 
video had enabled them to rectify their position and thus press harder. PP1 said : "It was surprising, I started to 
do it with my arms not outstretched, and I've been corrected [...] The clue he gave me that I should perhaps press 
a little harder was to put my arms outstretched (Figure 2) because I was like that (Figure 3) and I was doing my 
massage quietly ".   
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The second benefit is the presence of sound to signal every compression as well as the sight of someone 
performing a massage. It helps the participants to synchronize with the video and find the "right rhythm". Such 
was the case for PP3 " I heard the beep, that's when I saw that I had to go much faster", PP1: "we have to go very, 
very quickly, press very hard, the rhythm, we follow it with the video, it's something very pleasant " or PP2: " it 
really gives me the right rhythm for a cardiac massage”.  

Effects of the CPR demonstration video on the lived experience 

A very interesting effect is that the presence of the video reassures the witness in a complex and stressful situation. 
This was expressed by PP1: "we are a little bit, not in a state of panic, but saying to ourselves 'what more can I 
do' seeing an inert person", or by PP3: "emotionally it's quite strong, we imagine the person lying there.  [...] 
Thanks to your help, the sound that I heard behind, it relaxed me a lot. It put the level [of stress] where it should 
be to be effective anyway". The video helps to start cardiac massage in case of hesitation: "I was a bit hesitant but 
they offered me a link very quickly to see a video that shows exactly how to do cardiac massage so I started to do 
it" (PP1). It also seems to reassure the masseur in these gestures: "I was happy to be able to have a link, to be able 
to see it, it made me feel more secure" (PP1), "this application seems to be really well done because at one point 
I was thinking "I'm connected to this application?" because he said "yes, it's good, you have a good rhythm” 
(PP2). Finally, it brings comfort thanks to the support words implemented "it adds something comforting to us 
with us, as if we have someone with us finally who assists us somewhere" (PP2), "I rather had the impression of 
being well supported, even encouraged to continue doing well" (PP1).  

Sending the video also reassures the regulator, as D1 says: "For us at 144, sending the link is also reassuring 
because we know that the cardiac massage will be well done by mimicry. We know that in any case the witness, 
by watching the video, will perform a rather effective massage and that is probably what will save the patient”. 
This dispatcher also perceived that the bystander was more serene. However, in the later interview with the 
dispatchers, they actually described being "falsely reassured" as they were ultimately not confident that the CPR 
was occurring and the fact that they were sending the video prevented them from guiding by voice over the phone. 

The bystander: an essential link in a rescue team that is built up over time 

Unlike what has been said in the literature, the bystander is not seen as a hindrance but rather as an additional 
resource for performing an essential act. For the first responders and the regulators, he appears as an opportunity. 
The bystander can perform CPR in place of a more qualified person and establish a liaison with the emergency 
services " by the time the ambulance arrives, we are starting to get tired, to be able to have someone who has 
contact with the professionals, even psychologically, that helps" (FR1, S1). 

The bystander is an additional resource that allows a more optimal distribution of the tasks to be carried out. He 
can be used as a relay for the massage; he can put the defibrillator patches. However, in order for the first responder 
to delegate, he must trust the bystander. This confidence is obtained by his active position: "We arrived on the 
scene, the lady was at work, so I thought she understood the instructions well, she had one eye on the cell phone 
and one eye on the victim. She was watching the video and massaging at the same time. That was very important.” 
(FR3, S5). For the dispatchers, trust is based on the witness's ability to understand and respond: "the quality of the 
witness we have on the phone is felt in the first exchanges we have and we see right away that the person who was 
there, she understood, she was efficient, she did the things that were asked of her with a lot of calm and 
seriousness." (R2, S2).  

Benefits of the confrontation with reality in a common simulation between the stakeholders 

Simulation revealed difficulties that were previously unnoticed. One example is that 2 out of 6 participants did 

Figure 2: Outstretched arms Figure 3: Soft arms 
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not understand the instruction "put the arm in a cross" which leads to the right position to perform cardiac 
massage. Some of the participants also realized how difficult it is to apply defibrillator patches in a stressful 
situation: "it's incredible because in real life you can't see which way to put the stuff, in the heat of the moment, it 
put me under a little stress." (PP2, S2). In addition, the simulation gives the participants the opportunity to learn 
and train, including how to use the application: "I think it's something to try several times, we gain in efficiency. 
Because at the beginning, when you're not used to the application, it always takes more time. You do it 3 times 10 
times and you save 10 seconds, 30 seconds" (D2). For the participants, it gives them a glimpse of the regulation 
processes. Thus, in the future, could avoid some frustration. This was the case for two participants who did not 
understand why they should not act immediately. The joint debriefing gave space to the dispatchers to explain this 
process: "We went back to steps that you may have done before calling 144. Nevertheless for us it's important 
because there are plenty of people calling us for victims who are perfectly conscious" (D2, S4). 

Finally, this first step engaged all the participants in a Living-Lab approach, the regulators, the first responders as 
well as the patient partners are all willing to come back to test new modalities and to continue the simulations 
with the aim of improving the overall emergency response. 

CONCLUSION 

To conclude, we will review our research questions and answer them in light of the findings and associated 
literature. Regarding the dispatcher activity at the 144 emergency center and the OHCA treatment procedure, we 
found that the emergency center has been associated with a first responder application for 2 years (Save a Life) 
which is activated at each cardiac arrest. The dispatchers of the central office are pro-active with anything that 
could make the procedures evolve positively and are not reluctant to rely on bystanders. However, they have 
expressed some concerns about the willingness of bystanders to perform CPR. Furthermore, they fear mental 
overload from implementing a new application on their engagement system. Regarding the application use itself, 
some time delays were observed (partly due to technical problems). However, as suggested by the literature, there 
were also positive outcomes concerning CPR performance (adequate rhythm, optimal position, less interruptions) 
and especially concerning the bystanders' feelings (less hesitant, comforted, feeling supported) and the regulators 
(reassured by a well done massage by mimicry). Finally, we have found that participating in workshops together 
does indeed provide a better overall understanding of the response chain and procedures that apply to this 
emergency situation. It also enables training on the application in a safe environment and familiarizing all the 
interveners to the handling of a complex situation with multiple contributors (dispatcher, first responders, 
paramedics, defibrillator, application and bystander).  

The results of this study are limited in their generalisability as they are dependent upon the country in which the 
study was carried out and because of the small sample size. The scope of this research was to explore the different 
points to be studied in depth in the next living lab  Our perspectives are to conduct one Living-Lab with the 144 
Emergency central using several scenarios (ACR, stroke, anaphylactic shock) with various modalities (SARA, 
video feedback for the regulator) while improving the workshops based on the results of this initial pre-test. 
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ABSTRACT 

European research projects take ethical aspects into central consideration. In this extended abstract we have 
developed the methodology of the Search and Rescue (SnR) project and research made in relation to the ethical 
aspects of animal welfare. 
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INTRODUCTION 

Search and Rescue Project (SnR) is a three-year project funded by H2020 under grant agreement number 
882897, which aims to develop new technologies to increase the efficiency and safety of first responders during 
search, rescue and health care of victims.   

The SnR consortium is comprised by twenty-eight (28) partners from twelve (12) European countries. The 
project’s involved stakeholders and end-users bring together high expertise and innovation capabilities from 
various practitioner’s organisations, civil society, universities and research centers, as well as industry 
organisations and SMEs.  
The SnR project will design, implement and test through a series of large scale pilot scenarios a highly 
interoperable, modular open architecture platform for first responders’ capitalising on expertise and 

technological infrastructure from both COncORDE and IMPRESS FP7 projects. The governance model of S&R 
will be designed to operate more effectively and its architectural structure will allow to easily incorporate next 
generation R&D and COTS solutions which will be possibly adopted in the future disaster management 
systems. The Model will also support a unified vision of the EU role and will provide a common framework to 
assess needs and integrate responses.  

From the beginning of the SnR project, the needs of the first responders as end users have been taken into 
consideration through different qualitative and quantitative research tools (workshops, interviews and 
questionnaires).  Experts in emergency, search and rescue together with technology developers are working to 
create innovative technologies that increase responder safety and reduce the rescue time associated with acting 
in various types of emergencies in complex response environments.  
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One of the most important phases of the project will be to implement and evaluate the overall approach of the 
SnR platform and to define validation activities, in order to assure validity of results based on the scientific 
and technical objectives. A series of tests will be designed and executed to monitor progress and validate the 
methodologies and technologies developed by SnR. The tests will be based on real life scenarios and case 
studies based on seven complex. SnR domain-specific use cases will be:  

• UC1: Victims trapped under rubble (Italy)
• UC2: Plane crash, mountain rescue, non-urban (Greece)
• UC3: Earthquake / heavy storms between Vienna Rail Station & Kufstein railway station heavy

damages in the rail station (Cross-border pilot, Austria-Germany)
• UC4: Forest fire expanded and threat to industrial zone (Attica Region, Greece)
• UC5: Victims trapped under rubbles (France)
• UC6: Resilience Support for Critical Infrastructures through Standardised Training on CBRN

(Romania)
• UC7: Chemical substances spill (Spain).

The following course of action will be pursued: 

• Implementation guidelines and pilots’ management.

• Evaluation instruments to be adapted according to all actors’ profiles.

• Value sensitive evaluations, including end-user ethnographic observations and interviewing.
• Evaluation procedures: planning and coordination of the filling-in process, analysis methodology

according to planned objectives and outcomes. The following are specific WP8 objectives:
• To setup the pilot environment considering all the special requirements / needs of the end users and

stakeholders
• To fully operate and test the S&R solution on specific piloting experiments.
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• To validate the S&R Platform from a usability and end-user point of view.
• To make the capabilities of the S&R Platform available to policy stakeholders willing to use S&R’s

technologies.

SnR does not only faces the challenge of making rescue systems more effective, but must also meet ethical 
requirements for all EU-funded research activities. 

According to the EC, "ethical conduct of research involves the application of fundamental ethical principles and 
legislation to scientific research in all possible areas of study". Implicit in this, it is the compliance with the 
ethical principles included in the Charter of Fundamental Rights of the European Union and the European 
Convention on Human Rights and its Supplementary Protocol. 

METHODOLOGY 

Under SnR Project, an Ethics Board has been created. This Ethics Board will oversee all ethics-related aspects 
of the SnR project and consult with the project consortium on the potential ethical impacts of the activities 
undertaken. 

"Ethics protocol" is to identify and describe the procedures and methodology to ensure that the SnR Project 
research activities will: 

• Provide ethical guidelines to ensure that project partners comply with ethical requirements imposed
by the Grant Agreement.

• Ensure that the processing of all data, both personal and research data, complies with the General
Data Protection Regulation (GDPR) and its implementing national laws.

• Provide an informed consent to the project partners of each procedure carried out, not only for their
knowledge, but also for third parties involved in events and/or simulations that take place during the
development of the project.

• Establish an Ethics Board of experts, which will oversee all ethics-related aspects of the SnR project.

The Ethics Board work will consist of: 

• Consulting the project consortium on the potential ethical impacts of the activities carried out during
the project life cycle.

• Resolving various ethical considerations that arise during the project.

• Ensuring good practice in terms of ethical values, responsibility and integrity.

The principles of proportionality, the right to privacy, the right to protection of personal data, non-
discrimination, respect for the principle of justice and animal protection are considered mandatory. 

RESULTS 

The SnR Ethics  Board aims to find solutions that go beyond disaster relief. 

- Adherence of all Consortium members to the ethical principles of H2020 projects.
- Development of procedures to protect privacy and data protection.
- Development of information sheets on procedures to be carried out and informed consent.
- Establishment of an Ethics Committee to oversee all aspects of SnR technology development.
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Under this framework, the Spanish School of Rescue and Detection with Dogs (ESDP) has drawn up a code of 
ethics which reflects the principles of our organisation, focusing on the animal welfare of our search and 
rescue dogs, as well as all the implications that have to do with the development and testing of technologies. 

The Ethical Code aimed at volunteers and professionals working in the organization and developed by the 
ESDP takes as starting point the “five freedoms” considered by the World Organization for Animal 
Health.  There freedoms are (1) freedom from hunger and thirst, (2) freedom from discomfort, (3) freedom 
from pain, injury and disease, (4) freedom to express normal behavior, (5) freedom from fear and distress 

Regarding the (1) freedom and thirst the following considerations should be followed: 

• Both the dog handler and the other members of the team are responsible for providing the rescue
dogs with adequate food (quantity and composition) for the work they do, their species and their size,
thus ensuring their health and performance.

• They must have access to clean, drinkable water whenever they need it.

• When, due to the needs of the mission to which we are assigned, the dog must remain in a transport
cage for a prolonged period of time, it shall be ensured that they have access to water and, if
necessary, sufficient food for the entire journey.

• Avoid fear and distress.

Regarding (2) freedom from discomfort the following consideration should be followed. 

• The facilities in which the dog is kept must be clean, protected from inclement weather and have
dimensions in accordance with the size and periods of confinement of the dog.

• The transport cages must comply with safety regulations in terms of dimensions, ventilation,
materials and structure to guarantee adequate protection for the animal.

• On long journeys, it shall be ensured that the animal is given sufficient time to walk and relieve itself
before, during and after the journey.

• It is advisable to have a veterinarian on hand, especially in the case of real missions, where there may
be situations of risk for the animal.

• It is an added value the training of its dog handlers in basic veterinary knowledge of dog care, so they
can act in case of emergencies and accidents. Likewise, it will have revised and updated sanitary
material for use both in regular training and during missions.

• In the context of research projects it should be taken into account:

• Whenever a technology designed for working dogs is tested, the potential risks to the
animal, direct or indirect, will be analyzed beforehand.

• The dog shall not be exposed to any unnecessary risk, which could seriously endanger its
physical integrity or well-being.

• If, for research purposes, a dog has to be trained to develop a specific function within the
project, the organization will guarantee that the dog will be brought back to useful life
and/or a home will be found for it at the end of the research project.

• It is essential to respect the working/rest times of the animal, not only to guarantee the good
performance of its work, but also to respond to its physiological and psychological needs.

In relation to  (3) freedom from pain, injury and disease the following consideration should be followed: 

• The dog's international vaccination record must be kept up to date, as well as any other necessary
legal documentation. This is a prerequisite for the dog to be considered as an operational member of
the group.
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• Before, during and after each work, the dog shall be examined to ensure that it is in perfect health. If
the dog suffers any injury or wound that significantly alters its state of well-being, it shall be declared
as "non-operational", either temporarily or absolutely, according to the decision of the vet.

• The sick animal shall be monitored (treatment, administration of medication, visits to the vet and any
necessary treatment) until it recovers.

• Any dog that has suffered injuries that cause pain or suffering in the performance of its duties, shall
be temporarily or permanently removed from the service, according to the medical diagnosis.

Regarding (4) freedom to express normal behavior, the following considerations should be followed: 

• Dogs are considered to be cognitive animals, capable of basic conscious responses, and emotionally
empathetic.

• Working dogs, undergoing training and employed in useful work, should not be deprived of the
opportunity to express those behaviours that are unique to them as a species.

• One of our priorities is to ensure that training techniques and programmes include aspects of animal
welfare related to the time dedicated to recreation and social interaction, in order to maintain and
emotional balance.

Finally, regarding the (5) freedom from fear and distress the following consideration must be followed: 

• The nature of rescue dogs' work can subject them to highly stressful situations related to transport
and working scenarios. It will be a fundamental part of the work of dog handlers to prepare their
dogs, through experience, to become accustomed to and normalize those situations in order to
minimize the distress.

• Dog handlers should avoid subjecting dogs to unnecessary risk during training and intervention,
always choosing alternative manoeuvres that are less physically and/or emotionally damaging to the
dog.

• Training techniques used will always be aimed at avoiding physical and/or emotional violence to the
dogs, limiting the pressure they receive during training.
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CONCLUSIONS 

SnR project aims to provide technological solutions that suit the first responders´ needs. From this perspective, 
challenges of the K9 units have been highlighted from the beginning of the project and will be taken into 
consideration by developers, being the ethical aspects in the research a key point under the project.  
The results will be validated in the pilots, also by the K9 teams. One of the most expected impacts is the 
development of technological tools that will allow the reduction of response times and save a greater number 
of lives, in an effective and efficient way considering ethical principles around all the process.  
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ABSTRACT 

In November 2021, a large-scale crisis exercise was organized in the heart of the Pyrenees. The main objective of 
this cross-border exercise between France, Spain and Andorra was to allow practitioners to prepare for a large-
scale earthquake, by testing the contribution of the tools developed within the framework of the European project 
POCRISC. Among the different functions activated during the exercise, this article focuses on the particularly 
critical function of emergency assessment of building damage. It analyses the feedback from the exercise 
participants asked to evaluate the deployment, coordination and operation of the damage assessment function, 
including the use of a tool developed specifically for these activities. 

Keywords 

Crisis exercise, Earthquake, Post-earthquake damage assessment, Cross-border disaster management, Crisis 
management digital platform 
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INTRODUCTION 

The Pyrenean massif, which is the natural border between France and Spain, and which is also home to the 
Principality of Andorra, is one of the regions most exposed to earthquakes in mainland France and Spain, with 
hundreds of earthquakes recorded each year, of which about ten are felt locally. Despite their relatively moderate 
seismic activity compared to other European countries, the Pyrenees have historically experienced many 
destructive earthquakes, including the events of 1428, 1660, 1750 and 1967 (SisFrance database, Jomard et al., 
2021). 

Despite the relative rarity of destructive earthquakes occurring in the Pyrenees, the occurrence of such a disaster 
cannot be excluded. It is therefore essential to be prepared to face such an event. This preparedness is even more 
important in contexts of moderate seismicity such as that of the Pyrenees, where the low frequency of destructive 
earthquakes limit the experience of the services concerned (Borodzicz et al., 2002). Furthermore, an effective 
decision-making process of crisis management requires that the operator is trained both in the devices, tools and 
interfaces he will have to implement during the crisis, and in the mobilization of his knowledge and thinking skills 
(Fredholm, 1999). Thus, crisis management exercises become essential for improving the skills of involved actors, 
as they ensure an adequate appropriation of practices and technical tools. 

In this context, an exercise mobilizing French, Spanish and Andorran stakeholders was held in the French 
Pyrenees in November 2021, focused on the management of early post-earthquake damage assessment. 

PROBLEMATIC 

The recent Le Teil earthquake in France on November 11, 2019, and before it the Lorca earthquake in Spain on 
May 11, 2011, have confronted the French and Spanish civil protection authorities with the issue of conducting 
mass damage assessments, which triggered the need of improving existing practices, from a methodological, 
technical and organizational point of view. Feedback from these two earthquakes (Martínez et al., 2014; Taillefer 
et al., 2020; Peverelli et al., 2021), corroborated by the experience of the 2016 Central Italy seismic crisis (Auclair 
and Monfort, 2017), highlights two main areas for progress: 

1. The coordination of the parties involved in damage assessments tasks, with in particular the need for 
greater collaboration between the associative experts mandated by the authorities, and the structural 
specialists among the firefighters of Urban Search and Rescue (USAR) teams. 

2. The workflow of the damage assessment, from the request made by the citizens to the Certificate of 
Occupancy inspection, passing through the field survey, the feedback to the DAC (Damage Assessment 
Coordination) and the synthesis of the information for the coordination of the crisis management. 
Experience shows that the timing required by this process needs optimization of supporting digital tools, 
such as the ERIKUS system, used by the Italian Civil Protection (Mayneri et al., 2017). 

PRESENTATION OF THE EXERCISE 

Objectives and scenario 

Co-organized by the partners of the European POCRISC project (https://pocrisc.eu), the prefecture and the 
departmental emergency service of the Hautes-Pyrénées (SDIS-65), and the municipality of Séméac, in the 
practice this exercise aggregated several independent initiatives, to take advantage of the presence of cross-border 
teams and to test the capacity for cooperation of local and foreign resources. 

Following the occurrence of a magnitude 6 earthquake south of the city of Tarbes and the damage to the prefecture, 
the scenario planned to move the departmental crisis center (COD) to the site of the Tarbes engineering school 
(ENIT). It is in this degraded environment, with limited equipment and without knowing the workplace, that the 
prefecture's crisis director had to organize the management of the event. The exercise included both a tabletop 
part, with a COD coordinated by the prefecture in ENIT, and a field part. The exercise mobilized 75 participants 
for the part described in this article (Figure 1), and more than 250 (players, observers and facilitators) in total, 
from France, Spain and Andorra. 

Among the issues that the players were confronted with, particular attention was paid to the emergency assessment 
of building damage. It aimed to provide the crisis manager with tangible elements for the identification of premises 
useful to the crisis response and recovery (strategic buildings or buildings intended to accommodate populations), 
and the sheltering needs assessment, based on the damage rate of residential buildings located in the impacted 
perimeter. 
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Function Andorra France Spain 

Civil protection 1 9 
 

Exercice control 
 

16 
 

Firefighters 
 

10 4 

Observer 2 9 7 

Structural safety experts 3 9 5 

Total 6 53 16 

Figure 1. Details of the function of the participants in the exercise by country 

 This main purpose led three specific objectives: 

1. To test the digital platform developed by the DeveryWare company within the POCRISC project. It is 
composed of a mobile application for field inspectors and a web GIS tool for coordinators, and allows 
planning building assessment tasking, data entry in the field, and results monitoring from the DAC 
(Martinez and Goula, 2019). 

2. To encourage the French local authorities to engage firefighters together with the experts from the French 
earthquake engineering association (AFPS), mandated by the French civil protection for post-earthquake 
building damage assessment.  

3. To coordinate effectively response and recovery resources available from regional (from neighbor French 
departments) and cross-border (from Spain and Andorra) entities. Within the scope of the exercise, 
outside the framework of the European civil protection mechanism (UCPM), this assistance were 
considered to be mainly operational. In particular, building inspectors from Cataluña integrated SDIS-
65 and AFPS (activation of the Catalan earthquake engineering association integrated in the Association 
of Structural Consultants - ACE) field survey teams. 

FEEDBACK ON DAMAGE ASSESSMENT 

The purpose of the feedback is to evaluate the decisions and actions taken during the exercise, by comparing the 
points of view of all the stakeholders, and to start an improvement process that may involve updating plans and 
procedures. After the organization of a "hot" feedback immediately after the end of the exercise, a "cold" feedback 
is being carried out. To facilitate the collection of the participants' feedback, an on-line questionnaire was proposed 
to all the participants. We will present hereafter a first analysis of 41 responses we got, with a specific focus on 
the coordination and conduct of damage assessment function. 

Articulation within COD between the coordination and the DAC 

The management of a seismic crisis requires the activation of numerous coordination functions attached to the 
COD. Among them, a task force dedicated to the damage assessment was created: the DAC, aimed to coordinate 
the damage assessment, and to report to the chief coordination unit only the information necessary for the overall 
management of the crisis (Figure 2). The answers to the questionnaire show contrasting opinions upon the 
interactions between these two units (Figure 3). 

The areas for improvement identified relate in particular to the requirement: 

- For the authorities, to identify the experts available for intervention (associations, institutions, etc.), to 
assign them prioritized tasks and to provide them with the means for effective coordination; 

- For the experts, to identify the expectations of the authorities and to advise them on the prioritization and 
results of the expert assessments carried out. 
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Figure 2. Functional representation of the technical and organizational "damage assessment" system used 
in the exercise 

 

Figure 3. Participant satisfaction with interactions between COD coordination and DAC (number of 
responses received) 

Functioning of the DAC 

Exercise participants involved in the DAC were asked about its composition, its working mode, and the strategy 
adopted by this coordination and relaying task force (Figure 4). 

 

Figure 4. Participant satisfaction with DAC operations (number of responses received) 

First, the action of the DAC is generally judged positively. A particular level of satisfaction was expressed 
concerning the composition of the workgroup and its management. It was appreciated that the coordination of the 
associative and firefighters’ systems was brought together within the same unit. Another positive highlight was 
about the delegates appointed to represent the various international teams supporting the building damage 
assessment. Although the official language was French, the experts were able to understand each other. To 
improve the efficiency of the work of the DAC, and in particular for the right interpretation of the results of the 
assessments and the rapid exploitation of information got from the hit inhabitants, some participants suggested 
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the integration of technical officers from the most damaged municipalities. 

Concerning the strategy adopted by the DAC, the principle retained for the constitution of the field survey teams 
was to prioritize mixed pairs, associating an inspector from the voluntary associations with an expert firefighter. 
This principle, which was suggested following the Le Teil earthquake (Auclair et al., 2020) and successfully tested 
during the damage assessment mission carried out in the southeast of France in the aftermath of storm Alex in 
October 2020 (Auclair et al., 2020). It is supposed to allow the enrichment of professional cultures and facilitate 
the homogeneity of the survey outcome. This configuration was strongly appreciated. The identification of criteria 
for prioritizing inspections tasks was difficult due to the time actual duration of the exercise. 

Contribution of the POCRISC digital platform 

The POCRISC digital platform was generally appreciated by the participants, both for the functions provided and 
its general usability. Nevertheless, the two components of the platform should be considered separately: at the 
DAC level, the coordination function was used via a web-GIS platform, while the field inspectors used a 
smartphone mobile application (Figure 2 and Figure 5). 

 

Figure 5. Screenshots of the POCRISC platform: mapping from the mobile application (left) and the 
coordination tool (center), and coordination dashboard (right) 
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Figure 6. Satisfaction of the participants concerning the contribution of the POCRISC digital platform 
(number of responses received) 

Use of the coordination digital platform by the DAC 

Concerning the coordination platform, it first allowed the allocation of building assessment tasks by pairs, either 
by identifying sectors to be investigated on the map, or by identifying buildings individually. After a training 
phase, the tool proved to make this activity relatively easy, despite problems related to the tasking of certain target 
areas very large: the identification of large sectors can indeed correspond to hundreds of buildings, each one 
representing an assessment task. It is interesting to note here that the DAC had to manage, at the request of the 
coordination unit, the sectorization of an area not covered by the cadastral data pre-loaded into the tool for the 
exercise. Nevertheless, the use of the GIS back-end and the technical assistance of DeveryWare made it possible 
to quickly integrate the missing data and plan the survey. This unforeseen event highlighted the agility of the tool, 
and its ability to be deployed quickly. 

However, the most valuable feature for the DAC remains the ability to receive real-time results from teams 
deployed in the field. It provides a constantly updated view of the situation and allows to save a considerable 
amount of time for data consolidation, compared to workflows based on paper forms. This process of dynamic 
data transfer from the field proved to be very efficient, and the DAC had access to an updated map showing the 
progress of the building assessment campaign, as well as the individual building findings. Even if a dashboard 
with summary indicators is also available on the platform, it turned out that these indicators and their restitution 
modes did not meet the COD’s needs. The objective of defining the indicators useful to the decision-makers was 
partially attained: work should be done to identify them clearly in peacetime, so that they can be automatically 
produced on the dashboard. In addition, users and observers pointed out the lack of functions to use field data 
more easily to report effectively damage to municipal authorities, so that they can take decisions and safeguard 
measures about the occupancy. 

Use of the mobile application by field inspectors 

Apart from a few difficulties in downloading and configuring it, the mobile application worked correctly on 
Android devices (application not available for iOS). The assignment of tasks worked without any problems other 
than the one already reported, when hundreds of tasks were scheduled at a time. This situation caused slowing 
data transmission. Once the tasks were assigned, the inspectors could go to the field to inspect the assigned 
buildings one by one. While the mapping provided in the application made it relatively easy for inspectors to find 
the survey area, the exact positioning of the buildings was more difficult. The users suggest improving the use of 
the on-board GPS (refresh rate and accuracy of the GPS questioned by the respondents), and adding an aerial view 
map background, as well as the use of on-board navigation services such as GoogleMap. 

This question of localization raises the more fundamental question of the choice of the referential used to identify 
buildings and postal addresses useful for navigation (cadastral parcels, building footprints, address database, etc.). 
Although apparently simple, this issue is not trivial as the precise positioning of buildings is essential for building 
damage assessment in dense urban areas for inspectors not familiar with the survey area. In the case of the exercise, 
the referential in use did not allow to have a postal address. 
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Once the building was located, the in-situ entry of the survey form via the application proved to be functional, 
even if many inspectors pointed out the need to improve the navigation within the form, in particular by 
reproducing the logical path of its paper version, as well as by offering a synthetic view of the information before 
validation. A valuable benefit of digital entry via the application was the ability to attach photos taken in the field. 
Another strong point of the application is the ability to embed different technical reference forms: French 
inspectors were able to work on the AFPS system, while Spanish and Andorran inspectors used the ACE system. 
When the reference forms result compatible each other (as in this case), the digital management of the form allows 
different inspectors to collaborate effectively even if they do not know each other and are used to different 
assessment plan. 

Some inspectors complained that it was difficult to get feedback from the DAC. The application, at its current 
stage, does not include any protocol for inspectors to communicate with DAC. Furthermore, once an assessment 
task is validated by an inspector, the result is automatically transmitted to DAC and the task disappears from the 
app. This is very frustrating for the inspector and possibly harmful when the inspector needs to review tasks, by 
request of the DAC, which is a fairly common issue at the beginning of early damage assessment investigations. 
Thus, many inspectors ask for an overview of their work and neighbors’, as well as getting possibility to reopen 
and correcting tasks already completed. Many inspectors also advocate the use of both paper and digital devices, 
and entering only information on the application that is strictly useful to DAC. 

CONCLUSION 

Unlike other very seismic European countries, carrying out exercises such as the one described in this article is 
critical for regions with moderate seismicity such as the Pyrenees. The exercise thus made participants aware of 
the criticality of the function of damage assessment. Beyond the organizational issues that must be dealt with on 
a case-by-case basis depending on the civil protection organization specific to each country, we were able to 
discuss the question of the tools to be deployed to support the coordination and the realization of postseismic 
damage assessment. 

In this regard, the POCRISC digital tool tested as part of the exercise was favorably appreciated. Although 
improvements needs to make it more effective, the majority of participants to the questionnaire would like to use 
it in the future (Figure 7). While many tools already exist for digital input of diagnostic results in the field and 
raising them to a level of coordination, the originality and added value of the POCRISC tool lies in its bidirectional 
mode, allowing in particular the allocation duties to inspectors. However, the feedback also shows that the use of 
highly automated tasking systems, such as the Pocrisc platform, should not distract stakeholders from the need 
for frequent feedback between inspectors in the field and their points of contact in DAC. Furthermore, the conduct 
of such damage assessments, which can involve many different entities, sometimes from several countries, raises 
the question of the interoperability of procedures and tools. This question deserves to be addressed at the 
international level, and with regard to Europe, within the framework of the European Civil Protection Mechanism 
(UCPM). 

 

Figure 7. Participants' desire to use the POCRISC application in the future (number of responses received) 
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ABSTRACT 

It is generally agreed in crisis management that a comprehensive visualization of the situation is crucial for an 
appropriate situational awareness of the staff personnel in control rooms. Therefore an expert group of fire officers 
in the German State North Rhine Westphalia developed a system for this purpose known as the “tactical wall”. 

The core of the system is a situation map of the relevant area with so-called tactical signs, i. e. defined graphic 
symbols for hazards, response units and tactical measures. Moreover, the assignment of response units to tactical 
sectors or staging areas as well as other relevant information such as the management organization is displayed at 
defined places within the wall. While the system was purely manual in its original version, a new digital version 
was recently developed. The user interfaces of this system are web-based and can by intuitively operated after a 
minor training effort. 

Keywords 

Situational Awareness, Situation Map, Command and Control, Visualization. 

INTRODUCTION 

There is a general understanding in crisis management that an expedient visualization of the situation is crucial 
for an efficient work of command units by contributing to the situational awareness of the individual staff members 
(Endsley, 1995). Moreover, a useful visualization will support the incident management team in achieving a 
shared mental model, which is generally considered as one of the key factors for successful teamwork (Cannon-
Bowers et al., 1993). Thus the issue of visualization is addressed in most trainings in incident management. In 
almost any case, at least one person within the command unit has the exclusive task of creating a situation map 
and updating it. 

In Germany, there is no real standard for a visual representation of the situation in the control room this; the legal 
provisions for the working procedures of incident management teams state the necessity of having a situation map 
and other visual overviews, but do not specify their design. Accordingly, a large variety of methods for graphical 
depictions of the tactical situation has been developed in the past decades. Furthermore, with the advent of modern 
information technology, numerous computer systems for this purpose were introduced into the market (Lamers, 
2021). 

THE TACTICAL WALL FOR COMMAND UNITS 

Due to the lack of binding specifications for the design of the visualization of tactical situations on the federal 
level in Germany, an expert group in North Rhine Westphalia, one of the largest German states with more than 
18 million inhabitants, assumed the task of creating a standardized system for this purpose. The group developed 
a three level system with a “tactical sheet” for the bronze level, a “tactical board” for the silver level and finally a 

“tactical wall” for the gold level, i. e. for large-scale disasters not led by an incident commander onsite, but by a 
remote command unit in a control room (Dietz et al., 2010). This expert group was organized and led by the State 
Fire Service Institute North Rhine Westphalia (Institut der Feuerwehr Nordrhein-Westfalen, IdF NRW), the fire 
academy of the state, and comprised senior fire officers from professional, volunteer and industrial fire services.  
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In its original version developed between 2005 and 2010, the tactical wall was a purely manual system of 
prefabricated elements, sketches by hand and handwritten insertions on a magnetic whiteboard, see Figure 1. 

 

Figure 1.  The tactical wall in its manual version 

The prefabricated elements included so-called “tactical signs” made of frosted glass or plastic with a magnetic 
attachment so that they can be placed on a magnetic white board. In the German command and control system 
tactical signs are standardized depictions of hazards, tactical measures and response units for the use in graphical 
situation maps. 

The core of the tactical wall consists of a topographical map of the origin of the incident and/or the affected area, 
either hand-drawn or projected. Unlike in other systems, the tactical signs were not placed directly on the map but 
on the area surrounding the map with a straight line connecting the symbol with its place of origin or effect in the 
map. Other elements of the tactical wall are so called “accounts”, i. e. squares containing information about tactical 

sections, staging areas, numbers of affected persons, required response units and measures for the basic protection 
of the affected municipality, see Figure 1 on the left. Moreover, additional information such as the management 
organization is depicted at defined places within the wall. 

Although the use of the tactical wall is not binding for crisis responders it has become widely accepted by fire 
services and other emergency organizations in North Rhine Westphalia and even in other states. This is due to the 
fact that for more than ten years the wall has been used for practical exercises within the training at IdF NRW, 
which is mandatory for fire officers striving to work in tactical command units. Consequently, practically all 
members of command units in the state are familiar with the system and willing to use it in their daily work. 

ELECTRONIC VERSION OF THE TACTICAL WALL 

Between 2014 and 2016, a new building dedicated to the training of crisis management in large-scale disasters 
was erected at IdF NRW (Lamers and Fortkamp, 2019). The state has a crisis management system which requires 
the installation of a command unit responsible for tactical operations and a crisis committee for administrative 
measures in case of a major incident. The objective of the new building was to enable the institute to perform 
tabletop exercises both for the command unit and the crisis committee working on the same scenario. Thus the 
building comprises two control rooms for the practicing units and numerous rooms for other purposes such as 
housing communication units and exercise control. The whole building is equipped with state-of-the art media 
technology, e. g. a remote controlled video surveillance of both control rooms. One of the objectives of the 
building is the demonstration of current technology in crisis management to policy makers in this field, so it 
seemed no longer appropriate to have only a completely manual system for visualization. Thus IdF NRW decided  
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to order the development of an electronic version of the tactical wall as a feature of the control room for command 
units, see Figure 2. 

 

Figure 2.  Electronic version of the tactical wall 

A web-based tool for displaying a topographical map together with a frame of tactical signs around it had been 
developed beforehand and could be integrated into the system. This tool allows loading maps from internet 
services like Open Street Map or from other sources such as official topographic maps like the “Deutsche 

Grundkarte” (German Basic Map) or from digitally available fire service plans in a defined frame. In a next step, 
the tactical signs can be placed on the frame around the map and connected to their point of reference on the map, 
see Figure 3. If the map is zoomed or shifted, the connecting lines follow the movement or disappear if their point 
of reference leaves the displayed area.    

 

Figure 3.  Digital situation map as used at IdF NRW 

The remaining elements of the wall are edited using a separate computer with two large tablet displays as user 
interfaces. This interface enables the operator to edit all parts of the wall except the situation map, i. e. to display 
all units assigned to the tactical sections, the staging areas and to basic protection. The systems allows to use 
methods which have turned out to be useful in the manual version, e. g. inclining the tactical signs of unit that are 
ordered, but have not arrived yet, by 45 degrees. Moreover, other accounts for displaying the communication 
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scheme, weather conditions, numbers of affected peopled in categories such as injured, missing etc. and remaining 
tasks can be edited here. The data from both sources are sent to a video wall controller, which calculates a full 
image of the entire wall. This image is then processed to be displayed by two parallel full HD high-performance 
projectors with 10000 ANSI lumens each.  

One of the crucial claims for the user surfaces of this system was the intuitive usability by staff members without 
a time-consuming training. Thus both user interfaces – the digital situation map and the graphics program for the 
other elements of the wall – are web-based and designed in a way that they can be intuitively used. According to 
our experience members of the staff personnel who are familiar with standard IT systems can learn to operate the 
systems after an instruction of typically 20 to 30 minutes by a qualified trainer. 

Our first experiences after having used the digital version for almost a year in trainings at IdF NRW show that the 
system meets a wide acceptance especially among young members of incident teams who have a strong affiliation 
to modern IT technology. In particular, the option to easily zoom and shift the digital topographical map – an 
operation, which requires a very high working effort in the manual version – is greatly appreciated by the 
practicing command units. However, most teams fear that one the numerous components of the rather complex 
system – computers as user interfaces, the video wall controller, projectors – might fail during the exercise, which 
would inevitably lead to a complete loss of visualization in the control room. Accordingly, almost all the teams 
using the electronic system run a conventional manual system in parallel as a backup. Thus the robustness of the 
systems, especially the resilience against technical failures and user errors, will have to be improved in future 
versions to increase the trust of end users in the reliability of the system. 
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ABSTRACT 

This paper provides a descriptive analysis of the eMARS database, which contains compulsory information on 
major chemical incidents under the SEVESO Directive. This analysis serves to assess the installations with the 
highest number of direct fatalities and injuries. At present, the data collected to assess the status of chemical 
accident risk globally are rather limited. There are some sources of data on chemical accidents in government 
and industry that might be used to estimate the frequency and severity of some types of events, but they are far 
from providing a complete perspective that covers all chemical accidents, thus limiting the possibilities of 
obtaining a more homogeneous picture of the risk of chemical accidents worldwide.  

Waste storage, treatment and disposal is one of the industrial areas with the highest number of fatalities and 
injuries, so we must emphasize the importance of this type of industry within the risk maps. 

Keywords 

Major accident hazards, Seveso, chemical accidents, loss data, emergency preparedness. 

INTRODUCTION 

The eMARS database1 is a database of major chemical accidents reported under the Seveso Directive 
(2012/18/EU). It is an objective source of information on the actual circumstances that occurred in the most 
serious chemical incidents of recent years, so that lessons can be learned from them (Reche 2018). It is based on 
the Major Accident Reporting System first established by the EU’s Seveso Directive 82/501/EEC in 1982 and 
has remained in place with subsequent revisions to the Seveso Directive in effect today1.  

The purpose of eMARS1 is to facilitate the exchange of information from lessons learned from accidents and 
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near misses involving hazardous substances in order to improve chemical accident prevention and the mitigation 
of potential consequences.   

The direct impact these accidents have on society and the information they provide is very important to prevent 
future similar incidents. For this reason, we have analyzed the number of injuries and fatalities due to serious 
incidents recorded after the implementation of the SEVESO Directive. We have identified key indicators and 
descriptors related to the most common and hazardous substance and industry types and applied them to the 
development of a simulated chemical incident within the Search and Rescue Project. This project has received 
funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement 

No 882897. 

AIM 

To identify the industries with the highest frequency of serious chemical incidents with direct casualties (injuries 
or fatalities). 

METHODOLOGY

A descriptive cross-sectional study using the eMARS database and covering the period from January 1980 to 
December 2020. The eMARS (Major Accident Reporting System) aims to facilitate the exchange of information 
from lessons learned from accidents and near misses involving hazardous substances in order to improve 
chemical accident prevention and the mitigation of potential consequences1. The eMARS database contains 
reports of chemical accidents and near misses provided to the Major Accident Hazards Bureau (MAHB) of the 
European Commission’s Joint Research Centre (JRC) from EU, EEA, OECD and UNECE countries (under the 
TEIA Convention). Reporting an event into eMARS is compulsory for EU Member States when a Seveso 
establishment is involved, and the event meets the criteria of a “major accident” as defined by Annex VI of the 
Seveso III Directive (201218/EU). For non-EU OECD and UNECE countries, reporting accidents to the 
eMARS database is voluntary. The information of the reported event is entered into eMARS directly by the 
official reporting authority of the country in which the event occurred. Seven (7) variables from this database 
were included in the study: - date of accident, -type of industry, -accident description and classification, -
substance code, -fatalities and injuries. The main outcome variables were 1) type of industry and 2) type of 
substance, with the number of fatalities and injuries analyzed for each of these two main variables. The total 
number of chemical incidents or near misses was 411. The injury and fatality rate per event caused by industry 
type and substance type was calculated. The statistical program used was SPSS v25. 

RESULTS 

From the analysis of the 411 incidents – classified as serious and very serious – covered by the SEVESO 
regulation, which occurred over the period 1980-2020, the following results were obtained in terms of number 
of fatalities and injuries (Table 2) resulting from each incident per type of industry (Table 1). 

 Classification of Industry Type by number of recorded events and serious injuries caused 

1 Waste storage, treatment and disposal 

2 Chemical installations 

3 LPG production, bottling and bulk distribution 

4 Production, destruction and storage of explosives 

5 Production and storage of fireworks 

6 Production of basic organic chemicals 

7 Power generation, supply and distribution 

8 Handling and transportation centers (ports, airports, lorry parks, marshalling yards, etc.) 

9 Mining activities (tailings & physicochemical processes) 
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10 Fuel storage (including heating, retail sale, etc.) 

11 Processing of metals 

12 Agriculture 

13 Petrochemical / Oil Refineries 

14 - not known / not applicable -

15 Plastic and rubber manufacture 

16 Manufacture of food products and beverages 

17 Wholesale and retail storage and distribution (excluding LPG) 

18 Production of pharmaceuticals 

19 Production and storage of fertilizers 

20 Wood treatment and furniture 

21 Other activity (not otherwise specified in the list) 

22 General chemicals manufacture (not otherwise specified in the list) 

23 Production and manufacturing of pulp and paper 

24 Production and storage of pesticides, biocides, fungicides 

25 Leisure and sport activities (e.g., ice rink) 

26 Textiles manufacturing and treatment 

27 Building & works of engineering construction 

28 General engineering, manufacturing and assembly 

Table 1: Classification of Industry Type 

According to the type of industry, after analyzing the 28 main types of industries detected, the results obtained 
were classified into the industries that, by ratio (amount of deaths/number of incidents) caused fatalities in each 
incident according to the type of industry (Table 2). 

Industry Type by number of recorded events and fatalities caused Events Exitus 
caused 

Ratio 
 (deaths/events) 

1 Waste storage, treatment and disposal 10 63 6.30 

2 Chemical installations 20 86 4.30 

3 LPG production, bottling and bulk distribution 1 4 4.00 

4 Production, destruction and storage of explosives 24 85 3.54 

5 Production and storage of fireworks 7 24 3.43 

6 Production of basic organic chemicals 5 15 3.00 

7 Power generation, supply and distribution 6 15 2.50 

8 Handling and transportation centers (ports, airports, lorry parks, 
marshalling yards, etc.) 

3 7 2.33 

9 Mining activities (tailings & physicochemical processes) 1 2 2.00 

10 Fuel storage (including heating, retail sale, etc.) 3 5 1.67 

11 Processing of metals 33 51 1.55 

12 Agriculture 7 10 1.43 
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13 Petrochemical / Oil Refineries 56 78 1.39 

14 - not known / not applicable - 3 4 1.33 

15 Plastic and rubber manufacture 17 20 1.18 

16 Manufacture of food products and beverages 16 18 1.13 

17 Wholesale and retail storage and distribution (excluding LPG) 33 35 1.06 

18 Production of pharmaceuticals 3 3 1.00 

19 Production and storage of fertilizers 1 1 1.00 

20 Wood treatment and furniture 1 1 1.00 

21 Other activity (not otherwise specified int the list) 21 17 0.81 

22 General chemicals manufacture (not otherwise specified int the list) 104 68 0.65 

23 Production and manufacturing of pulp and paper 9 3 0.33 

24 Production and storage of pesticides, biocides, fungicides 18 5 0.28 

25 Leisure and sport activities (e.g., ice rink) 5 0 0.00 

26 Textiles manufacturing and treatment 2 0 0.00 

27 Building & works of engineering construction 1 0 0.00 

28 General engineering, manufacturing and assembly 1 0 0.00 

Total 411 620 1.51 

Table 2: Number of incident fatalities by type of industry 

The 8 industries where the highest number of fatalities occurred in each event are shown below, being the waste 
storage, treatment and disposal industry the one with the highest number per ratio, with a result of 6 fatalities per 
event. The remaining industries with the highest number of fatalities per event, with a ratio ranging between 3 
and 4 fatalities, are chemical installations and Liquefied petroleum gas (LPG) production, bottling and bulk 
distribution. Graphic 1 shows the number of deaths on the x-axis and the number of fatalities by industry 
according to the ratio on the y-axis. The Table shows that in the waste storage, treatment and disposal industry, 
for every 10 incidents there were 63 fatalities, giving a ratio of 6.3, and in the chemical installations industry, for 
every 20 incidents there were 86 fatalities, giving a ratio of 4.30. 

The third industry is LPG production, bottling and distribution, which in a single event caused 4 deaths, giving a 
ratio of 4.00. In fourth place is the explosives industry, where 24 events resulted in 85 deaths, with a ratio of 
3.54. In fifth place, the fireworks industry with 7 events that caused 24 deaths, giving a ratio of 3.43. In sixth 
place is the production of basic organic chemicals industry, that in 5 events caused 15 deaths, with a ratio of 
3.00.  In other place is the power generation, supply and distribution industry with 6 events and 15 deaths, 
giving a ratio of 2.50. The last industry represented in the Table (handling and transportation centers) accounted 
for 7 fatalities in 3 incidents, giving a ratio of 2.33. 
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Graphic 1: Number of deaths and industry according to ratio 

On the opposite side, there are also less lethal or fatality-free industries, such as textiles manufacturing and 
treatment, building and works of engineering construction and general engineering, manufacturing and 
assembly, with an incident fatality ratio of 0. Graphic 2 represents the number of deaths on the x-axis and the 
number of the industry according to the ratio on the y-axis. The industries with the lowest number of fatalities 
are the last six. 

The industries from the list, represented in the graphic according to their ratio, are the following: production and 
manufacturing of pulp and paper, where 9 incidents resulted in 3 fatalities, with a ratio of 0.33; production and 
storage of pesticides, biocides, fungicides, where 18 incidents resulted in 5 fatalities, with a ratio of 0.28, leisure 
and sport activities, where 5 incidents resulted in 0 fatalities, with a ratio of 0, textiles manufacturing and 
treatment, where 2 incidents resulted in 0 fatalities, giving a ratio of 0, construction, where 1 incident resulted in 
0 fatalities, giving a ratio of 0 and general engineering, manufacturing and assembly, where 1 incident resulted 
in 0 fatalities, giving a ratio of 0.  

Once the 28 types of industry detected have been analyzed, the results obtained are classified into industries 
that, by ratio (amount of deaths/number of incidents) lead to injuries in each incident according to the type of 
industry (Table 3). 

Industry Type Events Injuries Ratio 
(injuries/events) 

Production and storage of fireworks 7 3039 434.14 

Waste storage, treatment and disposal 10 1325 132.50 

Production, destruction and storage of explosives 24 2698 112.42 

Production of pharmaceuticals 3 88 29.33 

Agriculture 7 183 26.14 

Power generation, supply and distribution 6 137 22.83 

General chemicals manufacture (not otherwise specified int 
the list) 

104 1485 14.28 

Manufacture of food products and beverages 16 185 11.56 
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Production and storage of pesticides, biocides, fungicides 18 189 10.50 

Leisure and sport activities (e.g. ice rink) 5 52 10.40 

Production and manufacturing of pulp and paper 9 90 10.00 

Processing of metals 33 275 8.33 

Petrochemical / Oil Refineries 56 451 8.05 

Textiles manufacturing and treatment 2 14 7.00 

Other activity (not otherwise specified int the list) 21 128 6.10 

Production of basic organic chemicals 5 25 5.00 

Wood treatment and furniture 1 5 5.00 

Wholesale and retail storage and distribution (excluding 
LPG) 

33 160 4.85 

Building & works of engineering construction 1 4 4.00 

Production and storage of fertilizers 1 4 4.00 

Plastic and rubber manufacture 17 51 3.00 

Handling and transportation centers (ports, airports, lorry 
parks, marshalling yards, etc.) 

3 9 3.00 

Chemical installations 20 56 2.80 

Fuel storage (including heating, retail sale, etc.) 3 5 1.67 

- not known / not applicable - 3 4 1.33 

LPG production, bottling and bulk distribution 1 1 1.00 

General engineering, manufacturing and assembly 1 0 0.00 

Mining activities (tailings & physicochemical processes) 1 0 0.00 

Total 411 10663 25.94 

Table 3: Classification of industries that, by ratio, lead to injuries in each incident according to the type of industry 

Analyzing the number of injuries according to the type of industry, the production and storage of fireworks, the 
waste storage, treatment and disposal and the production, destruction and storage of explosives industries stand 
out for the number of injuries caused, having a ratio of more than 100 injuries per incident. 

The average injury rate across all industry types is 25 injuries per incident, where the lowest rates result from 
the fact that there are industries that cause either very few or no injuries, being the industries that account for the 
least hazardous activities the general engineering, manufacturing and assembly and the LPG production, bottling 
and bulk distribution industries. Paradoxically, these industries account for the highest number of fatalities per 
incident, so it can be concluded that any incident occurring in any of these industries will lead to immediate 
fatalities, but due to the containment measures in place, there are very few injuries or no injuries at all. Graphic 
2 represents the number of injuries on the x-axis and the number of industries by ratio on the y-axis.    

In this graphic they are represented by ratio, in order from highest to lowest, with the number of injuries caused 
in each incident. The top industries from the list are the following: production and storage of fireworks, waste 
storage, treatment and disposal and production, destruction and storage of explosives, with an injury rate of 
more than 100 per incident. 

Subsequently, and in this order, are the following types of industries: production of pharmaceuticals, agriculture, 
power generation, supply and distribution, general chemicals manufacture, manufacture of food products and 
beverages, production and storage of pesticides, biocides, fungicides and leisure and sport activities, all with an 
injury rate higher than 10 injuries. 

The following industries that, in order from highest to lowest, cause between 10 and 1 injuries per incident, are: 
production and manufacturing of pulp and paper, processing of metals, petrochemical/oil refineries, textiles 
manufacturing and treatment, other activity (not otherwise specified in the list), production of basic organic 
chemicals, wood treatment and furniture, wholesale and retail storage and distribution (excluding LPG), 
building & works of engineering construction, production and storage of fertilizers, plastic and rubber 
manufacture, handling and transportation centers (ports, airports, lorry parks, marshalling yards, etc.), chemical 
installations, fuel storage (including heating, retail sale, etc.) and LPG production, bottling and bulk distribution. 
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Finally, the industries that do not lead to any injuries in any incident, i.e., the industries with no injuries per 
event are the following: general engineering, manufacturing and assembly and mining activities (tailings & 
physicochemical processes). 

Graphic 2: Number of injuries and industry type by ratio 

Substance type  

Once the substances are grouped by hazard category and according to the risks they pose, they are classified as 
toxic, oxidizing, explosive and flammable, besides the risks associated with each one of them (Table 4). 

Hazard category (substance) Risks 

(Very) toxic  (Very) toxic when inhaled 

(Very) toxic in contact with water 

Oxidizing Can cause a fire 

Promotes the combustion of flammable materials 

Can explode when mixed with a flammable material 

Explosive (High) risk of explosion by impact, friction, fire or another ignition 

(Highly/extremely) flammable Flammable 

Highly flammable 

Extremely flammable 

Spontaneously flammable in contact with air 

Table 4: Hazard category and risk 

With all the events produced according to the group of substances described in the previous Table, applying all 
the categories involved to each substance, we obtain the total number of fatalities and injuries for each 
substance, as shown in Table 5. 

1064



Cintora et al Analysis of Chemical Incidents 
 from the Seveso Directive database 

Hazard 
substances 

Injuries Exitus Associated 
Events 

Injured 
ratios 

Exitus ratios 

(very) Toxic 1636 106 44 37.18 2.41 

Oxidizing 132 25 19 6.95 1.32 

Explosive 654 114 51 12.82 2.24 

Highly extremely 
flammable 

1419 23 109 13.02 0.21 

Others 6822 352 188 36.29 1.87 

Table 5: Total number of fatalities and injuries for each substance 

An analysis of the above (Graphic 3) shows that each incident involving toxic substances results in 37 injuries 
and between 2 and 3 fatalities; each incident involving oxidizing substances results in 7 injuries and between 1 
and 2 fatalities; each incident involving explosive substances results in 12 injuries and 2 fatalities and each 
incident involving flammable substances results in 13 injuries and between 0 and 1 fatalities. 

It should be noted that there are significantly more incidents involving flammable substances where the risk to 
people in absolute numbers is lower, whereas the injuries caused by incidents involving toxic substances, 
although these are significantly fewer in number, increases considerably. Thus, we can assume that an incident 
involving toxic substances will result in a higher number of injuries and fatalities than an incident involving 
other types of substances. 

Graphic 3: Total number of fatalities and injuries for each substance 

Discussion 

Databases are a source of information of national and international interest that serve as a tool to reduce the 
impact of critical events on society ((Reche 2018)). Rigor in the collection of data makes it possible to 
accurately describe the reality of these scenarios and to draw conclusions with adequate levels of evidence for 
an analysis based on lessons learned. The development of risk maps based on the analyses performed and a 
better understanding of the weaknesses and strengths of our critical event response services will enable us to 
improve our response to critical events. The purpose of our study by analyzing eMARS data1 is to identify the 
types of industries and substances that cause the most injuries and fatalities. 

The industry that accounted for the highest number of fatalities per incident was waste storage, treatment and 
disposal. This is usually not the industry that is most studied, nor is it the one on which research is proactively 
focused on. Therefore, based on the results of this analysis, it is worth assessing its importance, as it does not 
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tend to occupy the highest priority points on the risk maps of health emergencies (5). On the opposite side, there 
are industries producing no fatalities, such as textiles manufacturing and treatment, building and works of 
engineering construction and general engineering, manufacturing and assembly, with a fatality-to-incident ratio 
of zero, which would allow us to adapt risk prevention maps to this casuistry (reflect on the cause). In order to 
draw up a risk map for planning the intervention and rehabilitation phase leading to a return to normality, it 
would be useful to take into account incidents that do not result in casualties but lead to a high percentage of the 
population being exposed to the toxic cloud generated and the adverse weather conditions. In cases such as 
these, the threat mitigation and evacuation secondary and tertiary prevention measures would be more important 
than those of the emergency services as such. We have found that if we take an incident where we put all 
hazardous substances together in groups of toxics, oxidants, explosives and flammables, there will always be 
between 5 and 40 injuries and 1 to 3 fatalities. This is important for emergency call centers and emergency 
health responders since we can use predictable data in crisis management.  

There are other databases containing information on chemical accidents, such as ARIA, ZEMA, the U.S. 
Chemical Safety Board, the Japanese Failure Knowledge Database, the Tukes VARO registry of chemical 
accidents in Finland1, which have not been analyzed but have been used as supporting literature. The 
interoperability of these databases in the future could reduce variability in data collection and consequently 
improve the results obtained. 

The confidentiality of the company names and their location in the eMARS data recording is intended to prevent 
said industries from being sanctioned or penalized and to encourage the reporting of accidents1. This data, which 
is positive in terms of encouraging occurrence reporting, has the negative effect that additional data describing 
the environment and demographics where chemical events occurred are not available to include variables for 
drawing conclusions from the number of casualties. Thus, we might think that chemical accidents occurring in 
geographically dispersed areas may result in fewer casualties for being more isolated. Alternatively, we could 
try to explain whether the highest number of injuries or immediate deaths occurred in unpopulated areas or 
locations outside cities with difficult access to emergency services. Further studies that include the definition of 
these concepts are needed to better understand the mechanism of injury in these critical chemical accidents. 

Although not addressed in this descriptive study as the Seveso Directive aims at increasing the prevention and 
protection against major accidents in installations where dangerous products are used, it would be interesting to 
analyze and determine whether the number of accidents in the industries involved in major accidents has 
decreased over the years or whether in the same industry the accidents sustained over the years have had fewer 
consequences in terms of number of injuries/fatalities. This would provide data on lessons learned, prevention 
strategies and corrective measures adopted, and would also show whether these have had a positive impact on 
the accidents. The eMARS database offers an aggregate count of injuries and fatalities for each event, and in 
some cases – although this is not a regulatory requirement – the victim profile (operator, worker, rescue service 
staff) is also recorded. To be consistent with one of the objectives of eMARS, it would be of great interest for 
emergency services and first responders to specifically and individually identify whether the injured/fatalities 
belong to any of these groups, as this can contribute to research on improving safety in the response to CBRN 
(Chemical, Biological, Radiological and Nuclear) incidents in critical events and disasters. 

On the other hand, the results obtained in this study and the elaboration of a regional risk map could be useful 
for predicting consequences (as is currently done with the data classifications in the COVID-19 effect forecast) 
by developing a prediction model based on certain items such as: - type of industry, - type of substance, - 
population proximity to each industrial area... (Gothai 2021). 

One of the limitations of data collection in compliance with the Seveso Directive is that installations which have 
registered quantities of dangerous products below their respective lower thresholds are not affected by the 
Seveso regulations and, therefore, the Competent Authorities in this area would not be informed about the 
potential hazards of such facilities, which could seriously affect the effectiveness of protective actions (Reche 
2018). 

Another shortcoming found when analyzing eMARS is the number of incidents in which there are no data on 
the substances involved1. This may have an impact on the safety of first responders and emergency services. 
Future studies to assess the incorporation of chemical substance sensors in first response equipment would be 
advisable to improve and be more efficient in the response provided. European research projects, such as the 
H2020 Search and Rescue project2, are currently underway to improve the safety of first responders in such 
incidents2 involving collapsed structures and CBRN (Chemical, Biological, Radiological and Nuclear  

--------------------- 
2https://search-and-rescue.eu/overview/ 
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Threats) environments by developing technologies that include, among others, hazardous gas detection sensors. 

To facilitate this, more specific and concise databases are needed (Heraty 2019). 

CONCLUSIONS 

- Substances classified as “highly toxic” cause the highest percentage of injuries and fatalities. “Oxidizing” and
“highly flammable” substances cause the least injuries and fatalities, respectively.

-The “general chemicals manufacture” industry produces the highest number of adverse events. The “waste
storage, treatment and disposal” industry has the highest ratio of fatalities and injuries.

-The “general engineering, manufacturing and assembly” and the “mining activities tailings & physicochemical
processes” industries are the safest, with the lowest number of adverse events and no fatalities or injuries.

-The rapid and effective response of the emergency services to incidents caused by these types of substances and
industries is essential. For this reason, the data obtained will allow us to draw up a regional risk map of chemical
incidents in the most relevant cities, located within our scope of action, in Spain.

- The statistical results of the study could be used to predict the consequences first responders’ actions in the hot
zone. These results are also important as lessons learned for professionals and decision-makers.
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ABSTRACT 

Building construction and building layout represent two key critical pieces of information for a fire suppression 
operation. However, fireground incident commanders (FGCs) frequently do not have access to critical, updated 
information about a structure, including details that could potentially support more effective response. This gap 
in the information pipeline has led to significant injuries and fatalities for both civilians and first responders. 
Towards this end, this paper focuses on evaluating the efficacy of a user interface prototype for supporting 
decision-making during a simulated commercial structure fire. Sixty-four firefighters (n = 64) from North America 
participated in this study. Overall, there were no statistical differences in the performance of the firefighters 
between the two experimental conditions (2D vs. 3D). This study provides preliminary support for the use of 3D 
models in pre-incident planning practices. More importantly, this initial data serves as a baseline for the 
development of evidence-based standards for displaying pre-incident planning information to FGCs digitally.  

Keywords 

Emergency response, firefighting, building construction, virtual reality, human-computer interaction, pre-
incident planning 

INTRODUCTION 

To successfully manage a fire incident, company and chief officers must know where critical building features 
are such as hydrant locations, Fire Department Connection (FDC), sprinkler riser, electrical shutoff, 
ingress/egress (entrance/exit), roof access, dead load (e.g., overhead loads such as air conditioning units), and 
hazardous materials (Baker, 2008; Kapalo & LaViola, 2019). Thus, the quality of information provided to 
firefighters on the scene of an emergency represents a core challenge in effective management of emergency 
response (Baker, 2011; Dawkins et a., 2018; Grant et al., 2015; Voss & Andersen, 2015). Despite this identified 
gap in the information management process, many challenges remain in understanding how to best present and 
display building information to FGCs, particularly in the context of electronic user interface designs. The 
National Fire Protection Association (NFPA) created a standard, NFPA 1620: Recommended practice for pre-
incident planning, to better support firefighters and emergency responders in fire suppression situations. Thus, 
the concept of pre-incident planning developed from decades of fires in which large, commercial structures 
presented a threat to both civilian and firefighter lives and property (National Fire Protection Association, 2003). 
Pre-incident plans are documents, either paper or digital, that provide critical information about a facility to 
order to facilitate greater situation awareness and to support better decision-making on the fireground.  

Although a standard does exist, due to the diversity in fire service budgets, many departments across the U.S. 
still rely on paper pre-incident plans, which are impossible to locate and interpret in just a few minutes (Kapalo 
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& LaViola, 2019). This problem of data management is not unique to the U.S. either. Wesendrup et al. (2019) 
investigated the challenges associated with data management in European fire departments, indicating that this 
problem persists internationally. 

This need for pre-incident plans (PIPs) has only grown in recent years, as construction practices continue to 
evolve. In the U.S., fire departments are now dealing with multiple occupancy structures as well as composite, 
podium construction (widespread in mixed occupancy buildings), which presents new threats in the event of an 
emergency fire scenarios (Kong et al., 2022; Kunadharaju et al., 2011; The National Institute for Occupational 
Safety and Health [NIOSH], 2017). Perhaps more importantly, there has been a paradigm shift in the way the 
U.S. is conceptualizing the pre-incident planning process regarding emergency response. The NFPA 1620 
standard has now been merged into a new standard that considers the importance of community preparedness 
and resilience efforts (see NFPA 1660, in development for release in 2024). Therefore, providing this 
information to public safety officials is becoming more of a priority. The goal of this work is to investigate how 
to design an interface that supports incident command exploring the differences in usability (e.g., efficiency, 
effectiveness, and satisfaction) of 2D versus 3D building plans during a simulated commercial structure fire 
incident. Extremely high heat release rate, rapidly deteriorating conditions, and structural instability have all 
contributed to the challenges associated with “Big Box” store fires (Hassanain, 2010; Nair, 2018). This work 
examines the impact of a user interface prototype on firefighting incident command situation awareness and 
usability to better support the design of future systems for firefighting operations.  

RELATED WORK 

Because this work is multidisciplinary it involves a need to understand the problem from multiple domains and 
sources. Therefore, a limited discussion of the relevant constructs is posed below to emphasize the importance 
of this work from both a theoretical and practical perspective.  

Mental Imagery and Cognitive Psychology 

To better understand how humans process information in emergency situations, it becomes necessary to recognize 
how spatial relationships are cognitively stored and retrieved. One way to examine the research involves a 
discussion of mental imagery. Mental imagery is a form of perceptual processing that takes place independently 
of direct sensory input. For decades, psychologists asserted that mental imagery processes could be conceptualized 
as a direct copy of the stimuli, known as the analogous approach (Shepard & Metzler, 1971). However, this 
research was challenged by several studies that recognized mental imagery may instead act more like a description 
of the stimuli, as opposed to a direct copy, the propositional perspective (Pylyshyn, 2002).  

Today, studies demonstrate evidence that both the analog and propositional theories comprise the way humans 
store mental imagery. Therefore, mental images are not stored as literal pictures in the way we conceptualize 
them, but humans do tend to represent mental images that preserve the spatial and functional relationships within 
a 3D space (Farah et al., 1988). This body of work has informed numerous studies that demonstrate that mental 
imagery processes are considered a factor in action planning, object recognition, spatial reasoning, and problem 
solving (Chittaro, 2006; Larkin & Simon, 1987). More importantly, there is evidence to suggest that 3D modeling 
may help support or scaffold mental imagery processes, particularly in safety-critical situations (Bliss et al., 1997; 
Jackson et al., 2016; Rüppel et al., 2010).  

User Interface Design and User Experience 

As illustrated by Shariat & Saucier (2017), user interfaces are considered an essential way to verify error 
prevention before products are developed to maturity and released. Traditionally, user interfaces were not 
considered early in the design process, ending in costly failures and tragic outcomes. Domains like aviation, 
software engineering, and the military have all identified how costly it is to design poor systems or ineffective 
training by leveraging inappropriate tools that do not implement user experience design principles (). More 
importantly some studies have demonstrated there are key factors that contribute to decreased situation 
awareness (Boldstad, 2006).  

Additionally, these domains have also explored the efficacy of 2D in comparison to 3D user interfaces (McIntire 
et al., 2012). For example, Milner et al. (2017) investigated the impact of electronic charts on pilot performance. 
This study illustrated the importance of examining the efficacy of electronic chart displays in the broader 
context of safety-critical environments. Although there is available information on the efficacy of electronic user 
interface design in other domains, there is a paucity of research on public safety use cases for electronic pre-
incident planning (Kapalo & LaViola, 2019).  
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Several international studies have examined the role of building plan information for firefighting use cases, but 
these studies demonstrate the importance of using a Building Information Modeling (BIM) approach to better 
support emergency response or evacuation but did not necessarily examine the usability of a tool for the first 
responders directly (Chen et al., 2014; Tang et al., 2019; Wang et al. 2019). Kong et al. (2022) specifically 
extended this work further, but this study did not exclusively focus on information visualization techniques. 
Therefore, it is critical to investigate how to best represent facility information to support the role of the FGC 
and firefighters. The goal of this work is to support the capture of measures that can be used to better inform the 
design of pre-planning tools for the fire service. 

Challenges to Technology Adoption and Successful Information Visualization 

Weidinger et al. (2019) explored the potential for graphical building information to support European incident 
command system, yielding results that demonstrated access to building plan information positively influenced 
incident outcomes. Preplanning has also been explored in the context of geographic information systems (GIS) 
within the broader ISCRAM community (Nadal-Serrano, 2010). Additionally, some studies have examined 
technology acceptance of a specific training tool, such as the Naval Fire Fighting Training & Education System, 
but this does not directly examine the human factors or usability aspects associated with PIPs holistically 
(Papakostas et al., 2021).  

There are very few studies to date that have not explored pre-incident planning tools in the context of the North 
American incident command system. See for a more complete explanation of U.S. variations in command 
(Kapalo et al., 2019). Perhaps even more pressing is the idea that these studies often do not consider basic 
usability or user experience design considerations (Dawkins et al., 2018; Ledgerwood & Leh, 2018; Theofanos 
et al., 2017). There is a lack of standardization across electronic pre-incident planning information, particularly 
concerning symbology and layout (Kapalo & LaViola, 2019; NAPSG, 2020). Consequently, this work focuses 
on understanding the impact of 3D models on simulated fire incident outcomes to better understand how to 
display critical facility information to FGCs operating in dangerous and unpredictable environments.  

Our work is situated at the intersection of these bodies of literature. When firefighters conduct pre-planning 
inspections, there is an opportunity for us to look at the ways the buildings and structures are represented as 
mental imagery and spatial knowledge, as well as how to best visualize this information in a way that is easily 
consumed by the incident commander. 

METHOD 

Participants 

All participants in this study were considered a currently certified or retired firefighter. This inclusion criteria 
ensured that participants would possess relative tactical knowledge. All participants reviewed a consent form 
before agreeing to participate in the study. A total of sixty-eight firefighters participated in the study (n = 64, 1 
female).  

Study Procedure and Task 

Our study consisted of a 2 x 1 between-subjects design with one independent variable, dimension of the PIP. 
Dimension – consisted of two levels, 2D and 3D. We leveraged Blue Card1 an incident command training program 
that is endorsed by major agencies, including the International Society of Fire Service Instructors (ISFSI) 
(International Society of Fire Service Instructors, 2022). In addition to the Blue Card curriculum, the survey and 
scenario development also included the input of an FGC with over twenty years of experience in the fire service. 
We elected to use a between-subjects study design to mitigate learning effects within our study population, and 
to reduce the duration of time participants needed to complete the survey, since firefighter schedules are 
unpredictable. Therefore, a within-subjects approach was not feasible due to the number of trials a single 
participant would have to complete. 

We designed a virtual environment of a “big box,” retail store using Unity3D2 version 2019.1.11f1. This scenario 
was chosen because it represented a threat that could be posed to a variety of different departments including 
metro, urban, and rural departments. A big box store was chosen due to some of the critical fireground factors that 

1 https://www.bshifter.com/about_01.aspx 
2 https://unity.com/ 
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would influence tactical decisions. For example, the floor plan of a retail superstore such as the one in this study 
poses several risks to firefighters. One of the more severe challenges is air management. Because big box store 
floorplans are often massive, firefighters are limited in how far they can enter a structure due to the constraints of 
a typical SCBA and existing safety standards. Additionally, the sprinkler system activation can cause the building 
to rapidly fill with cold smoke.  

To make the scenario realistic, we modified an existing model available in the Unity Asset Store. This scenario 
was created based upon an existing PIP that is actively used in a current fire department. The goal of choosing 
this scenario was to compare the 2D plan (current state of PIPs) against the 3D plan. All the features present on 
the 2D plan were also available in 3D. Participants were randomly assigned to one of the two conditions. 
Regardless of condition, they received the same instructions and scenario details. 

Upon loading the scenario, one of the two study conditions (2D or 3D) was randomly initiated. In each condition, 
participants read an on-scene report and additional details about the structure, see . A simple GUI was designed 
for both conditions to manipulate the camera. Using mouse clicks on buttons, the camera could be rotated around 
the center of the warehouse model; the “up'' button rotated the camera upwards, and the “down'' button rotated the 

camera downwards, around the center. Likewise, the “left'' and “right'' buttons rotated the camera around the 

center. Lastly, the user could “zoom'' the camera in and out. If the camera zoomed in enough, the participant could 
see the inside of the warehouse. This ensured that the GUI did not introduce any new variables into the 
experimental design due to its limited functions. After a short training video (< 3 minutes) to demonstrate how to 
use the interface controls, the participants viewed the fire scenario and were provided a compass rose to guide 
orientation.  

Figure 1: On-Scene Report Provided to All Participants Regardless of Study Condition 

We leveraged Amazon Web Services3 to host a WebGL build of a Unity3D project, and Qualtrics4 to distribute 
our survey. We used an iframe to embed the Unity3D application into the Qualtrics survey and used client-side 
scripting to log which random condition a participant received. Additionally, client-side scripting allowed us to 
capture all participant actions, for analysis. IRB approval was obtained, and data was collected from August 2020-
October 2020.  

Dependent Variables 

The following variables were measured during the study. These variables are grounded in the International 
Standards Organization (ISO) standards for user interface design and aligned with the extant literature on usability 
(Bevan et al., 2015; Frøkjær et al., 2000).  

3 https://aws.amazon.com/ 
4 https://www.qualtrics.com/ 

Effectiveness

Correct Multiple-Choice 
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Situation Awareness (SART)

Satisfaction
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Figure 2:Graphic Summarizing the Dependent Variables (Usability) 
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Figure 4: 3D View of Big Box Store Plan (Left is North, Parapet is 6 feet) 

RESULTS 

The following sections capture usability metrics (i.e., efficiency, effectiveness, satisfaction) comparing the 2D to 
3D study conditions. Our data violated assumptions of normality, so non-parametric tests were employed to better 
understand the differences between the two study conditions. After data cleaning, we also had to eliminate two 
participants that showed through the JSON code that a dictation software or extension within their internet browser 
interfered with JSON capture. A total of 𝑛 = 6 retired FGCs participated, and 𝑛 = 58 current firefighters 
participated. 
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Figure 3: 2D View of Big Box Store Plan (Left is North, Parapet is 6 feet) 

828 



Kapalo et al. Efficacy of 2D vs. 3D Building Plans for Firefighting 

CoRe Paper – Usability and Universal Design of ICT for Emergency Management 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

Demographics 

Demographic information was collected to better understand key information about participants. Location agency 
type and population all affect the number and type of construction that would influence the types of calls and fire 
tactics necessary to support fire suppression operations. Therefore, this data adds additional contextual knowledge. 

Figure 5: User Study Participants by State, 1 participant from Canada not shown in this Figure (n = 64). 

Figure 6: User Study Participants by Agency Type (Other represents private, Department of Defense, 
etc.) 
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Figure 7: User Study Participants Report PIP Modality (Other represents a combination of paper and 
electronic plans) 

Effectiveness 

Effectiveness was measured in terms of accuracy. Participants answered multiple choice questions following the 
scenario presentation. The participants in the 2D condition scored higher than the participants in the 3D 
condition on the multiple-choice assessment. This did not provide support for our initial hypothesis that 
participants in the 3D condition would outperform participants in the 2D condition in terms of effectiveness. 

Table 1: Comparison of 2D to 3D Performance in terms of accuracy (Multiple choice questions measured 
as a raw score, ratio out of 100) 

Count M SD Dev Mdn 

2D 30 64.16 28.64 75.00 

3D 34 50.74 25.69 50.00 

Efficiency 

Efficiency was measured in time on task (see Table 2.  Comparison of 2D to 3D Performance on the Big Box 
Store Task (Time Measured in Seconds). Time on task was measured as the time it took to develop an Incident 
Action Plan (IAP), the plan used to convey which fire suppression tactics would be used, using the simulation 
details and the PIP. This was directly captured from the time it took after viewing the plan to the time it took to 
submit the IAP on the page. This is because we did not limit how long participants could spend viewing a plan. 
In real-world scenarios, FGCs could arguably take as long as they wanted to view a plan, but it could negatively 
impact fireground tactics if they wait too long to make decisions. A Mann-Whitney U Test revealed no significant 
differences in time across the two conditions, 2D (Md = 244.52, n = 30) and 3D (Md =207.14, n =34), U = 425.00, 
z = -1.144, p = 0.253. 

Table 2.  Comparison of 2D to 3D Performance on the Big Box Store Task (Time Measured in Seconds) 

Count M SD Dev Mdn 

2D 30 283.07 89.84 244.52 

3D 34 225.68 172.28 207.14 

Additionally, we also wanted to capture measures of situation awareness. Because this study was conducted 
online, we leveraged a self-report questionnaire to capture situation awareness (SA) post-trial. This 
questionnaire has been leveraged in the aviation domain for decades (Selcon & Taylor, 1990). We required a 
domain agnostic questionnaire that could be easily deployed through an online/remote medium. The Situation 
Awareness Rating Technique (SART) measures SA in terms of demand for attentional resources, the supply of 
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attentional resources, and an overall understanding of the situation (Selcon & Taylor, 1990). The formula for 
calculating the SART score is: 𝑆𝐴𝑅𝑇 𝐶𝑂𝑀𝑃𝑂𝑆𝐼𝑇𝐸 = 𝑈 − (𝐷−𝑆). The scores are calculated by subtracting the 
supply from demand (D-S). Then, this score is subtracted from the overall understanding dimension (U). A 
Mann-Whitney U Test revealed no significant differences in SART composite scores across the two conditions, 
2D (Md = 16.00, n = 30) and 3D (Md = 14.00, n = 34), U = 498.00, z = -1.128, p = 0.259. 

Table 3: Comparison of 2D to 3D Performance using the Situation Awareness Rating Technique (Likert 
Scale) 

Count M SD Dev Mdn 

2D 30 15.78 4.90 16.00 

3D 34 14.30 4.77 14.00 

Satisfaction 

We leveraged the System Usability Scale to measure participant satisfaction. The SUS is a well-validated 
questionnaire for measuring user experience (Lewis, 2018; Peres et al., 2013). It is a 10-item questionnaire and is 
suited for a variety of product evaluations, but it is not intended to be diagnostic in nature. It has been used to 
measure user satisfaction for decades (Bangor et al., 2008). A score of 60.00 or greater indicates a high level of 
satisfaction (Lewis, 2018). A Mann-Whitney U Test revealed no significant difference in SUS scores across the 
two conditions, 2D (Md = 75.00, n = 30) and 3D (Md = 75.00, n =34, U = 306.5, z = -0.294, p = 0.769. 

Table 4: Comparison of 2D to 3D Performance on the System Usability Scale (>60 is sufficient) 

Count M SD Dev Mdn 

2D 30 72.82 19.28 75.00 

3D 34 75.35 15.51 75.00 

Taken together, these results emphasize the criticality of collecting baseline data to better support incident 
response on the scene of an active fire situation.  

DISCUSSION 

While this study did not demonstrate conclusive statistical evidence, this research revealed some interesting areas 
that prompt further investigation. For example, one minute may not seem like a large difference in the context of 
user interface design more broadly, but an entire minute makes a difference in fire conditions. To contextualize 
this in a way that benefits the fire service, we must recognize firefighting timelines. As a quick example, some 
departments require firefighters to don their turnout or bunker gear in two minutes or less. A minute can also make 
a difference in terms of tactical tasks. Using a hypothetical example, firefighters are required to drill and practice 
using what is called a “Forward Lay/Offensive Fire Attack.” This is the approach used when actively trying to put 

water on a fire. In a forward lay, the firefighters are working together to create a stable water supply which involves 
attaching the hose to the hydrant, guiding the hose to the right place, and establishing the right pressure for the 
hose that will be used to extinguish the fire (the attack line). The ideal timeline for this one set of tasks is as 
follows:  

Figure 8: Forward Lay/Offensive Attack Timeline Example 

"Catching the 
Hydrant" 

0.5 minutes 

(30 seconds)

Preparing the attack 
line, achieving 

operating pressure, 
and donning full PPE

1:45 minutes

Completion of the 
Hose Course 

0:45 minutes 

(45 seconds)

Total Time

3:00 minutes
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Note that this will vary depending on the hose size and connections used, which are typically determined by 
department guidelines. However, with a total time of only three minutes to successfully complete the set up of an 
offensive attack, one minute can make a big difference. This is particularly true for choosing the initial location 
of the forward lay. If distances are underestimated or the attack line is not properly set up, this can negatively 
impact fire suppression. Good pre-incident plans allow the incident commander to anticipate these risks by 
correctly calculating the right distances and allowing companies or crews enough room to lay the hose for a 
successful offensive attack.  

Design Implications 

From our data, we found that although the 3D interface was perceived as more favorable, we were unable to 
draw conclusive evidence that it outperformed the standard 2D plan type that most departments currently use. 
However, we found in most cases that it did not significantly impact performance. Although statistical 
significance was not observed, the participants using 3D plan did not necessarily perform worse than the 
participants in the 2D condition. It is possible that neither 2D nor 3D visualization alone can best support FGCs. 
Similar to research conducted by Tory et al. (2005), we believe that a combination of 2D and 3D views may be 
more or less advantageous depending upon the occupancy type (building type) or layout of the structure. Based 
on the results presented in Tory et al.’s (2005) work on information visualization, it may be true that 3D is best 
for only approximate navigation and relative positioning. For measurement tasks and tasks that require the 
judgment of distances like apparatus placement or hose lays, 2D displays may perform better. Future work 
should focus on incorporating both 2D and 3D displays to test the effectiveness of a combined approach.  

Additionally, successful use of 3D modeling for building information will largely be influenced by prior 
experience with technology. Since there are no existing standard interfaces for PIP design, this presents a 
challenge for information visualization for the public safety end-users, namely firefighters responsible for fire 
suppression operations. From this study, our data indicated that the 3D group was able to perform the tasks 
faster but remembered details about the facilities less accurately. We contend that this could be because the 3D 
condition required extra time to understand spatial relationships and directionality in the context of the multiple-
choice questions. We did also note that the participants did not express significant differences in user 
satisfaction, as measured with the SUS, between the two conditions. This preliminarily indicates that the 3D 
model may be well-received by the fire service. Further research is necessary to draw conclusions about input 
modalities and visualization methods.  

Study Limitations 

The ongoing challenges surrounding the COVID-19 pandemic made it difficult to complete this study in person. 
Despite these obstacles, this study remains one of the only studies that has successfully captured baseline data 
for the efficacy of 3D modeled pre-incident plans for use by U.S. fire departments. 

The ecological validity of this experiment is limited. Ethically, it is not permissible to take these baseline 
metrics at the scene of a real fire, particularly if this experiment could influence outcomes of the incident (e.g., 
interfering with the success of locating and extricating a victim). Therefore, further work should examine these 
events in the context of a simulated live fire situation. We intend to expand upon this work and carry these 
efforts out at a live burn training facility. Additionally, we also recognize that this scenario encompassed only a 
small subset of firefighting tactical problems. For example, the task of stabilizing water supply can be less 
difficult than a HazMat scenario, more complex commercial fire, mass casualty incident, etc. Because 
departments are often considered “all-hazard” and respond to all types of emergencies, further data needs to be 
collected using a variety of incident types to draw more conclusions regarding the efficacy of 3D modeling for 
use during firefighting emergencies. Despite these limitations, this work adds to the extant literature to better 
understand how to visualize information for emergency responders operating in dangerous and unpredictable 
environments. Further research is necessary to conceptualize how firefighters will adopt 3D modeling 
technologies.  

CONCLUSION 

In this paper, we presented a study that compared visualizing building facility information in the context of 
emergency planning. We evaluated the usability of 2D and 3D plans through the constructs of efficiency, 
effectiveness, and satisfaction. With this work as a foundation, we contend that further research is necessary to 
determine how to best present information to FGCs. Future work will aim to more robust evaluations of these 
designs, for example in the event of a live fire training scenario. In future data collection, we plan to explore 
international command paradigms and more complex scenarios as well. User interface design for pre-incident 
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planning should focus on presenting information in a way that best supports the FGC in understanding critical 
fireground cues. 
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ABSTRACT 

While a wide range of disaster apps are currently available, few address the topic of CBRNe (Chemical, 
Biological, Radiological, Nuclear and explosive) risks and threats. The proven value of disaster apps in emergency 
management and the unique ways in which citizens prepare for and respond to CBRNe incidents merit that such 
an app exist. However, disaster apps also have their limitations, namely uptake and accessibility. The 
PROACTIVE project is filling these gaps by co-creating together with vulnerable groups an accessible CBRNe 
disaster app. This article examines the results from four workshops held with the potential end-users recruited 
from vulnerable groups. Following the MoSCoW methodology, requirements were established and their relevance 
to the Universal Design principles discussed. For instance, it was found that the app Must have a less chaotic 
interface which would help meet the principle of simple and intuitive use. Lastly, the app redesign is showcased. 

Keywords 

CBRNe, Universal Design, disaster apps, co-creation, user interface 

INTRODUCTION 

Smartphone applications for disaster preparedness and response, commonly referred to as disaster apps, are widely 
available on various app stores. For example, a 2014 search on an app store found 683 results (Bachmann et al., 
2015) and a 2017 literature review on the topic found 57 unique apps being discussed (Tan et al., 2017). The 
available apps: 

• Cover the entire disaster management cycle (preparedness, response, recovery, mitigation) (Tan et al.,
2017);

• Can efficiently spread and collect information (Bachmann et al., 2015; Aydin et al., 2016);

• Provide a channel for distributing (early) warnings (Douvinet, 2018);

• May use GPS technology to reach citizens in a given area,

• Reduce anxiety (Bossu et al., 2018);

• Some provide users with information about how to act prior, during and after a disaster (Fallou et al.,
2019).

Despite these advantages to using disaster apps, few available Chemical, Biological, Radiological, Nuclear and 
explosive (CBRNe) smartphone apps on either Google play or Apple app stores could be considered a disaster 
app (Petersen et al., 2021). Instead, they tend to be reference or training apps (e.g., EU CBRNE Glossary), apps 
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which are part of a larger CBRNe monitoring system (e.g., PlumeSIM-SMART) or apps designed for a CBRNe 
conference (e.g., 2021 CBRN). 

CBRNe incidents present unique challenges for disaster management and crisis communication. This is due in 
part to the fact that CBRNe risks are considered ‘dread’ risks, which are defined by lack of perceived control, 
catastrophic potential, and fatal consequences (Slovic, 2002; Slovic et al., 2004). CBRNe events may be hard to 
detect or even invisible, have unknown consequences of exposure and often result in delayed effects from 
contamination. Furthermore, public awareness about CBRNe incidents is low. Generally, few are aware of the 
actions taken by first responders, such as the wearing of protective hazardous materials suits when dealing with a 
contaminated area, or requirements of casualties, such as disrobing (Hall et al., 2020). Therefore, citizens depend 
more than ever on the type of communication, tactics, techniques and technology employed by practitioners (Hall 
et al., 2020). For instance, seeing practitioners arrive in hazmat suits on the scene while waiting to begin 
decontamination is seen as further fear inducing (Carbon et al., 2021). These communication challenges would be 
helped by providing the general public with a dedicated CBRNe disaster app which could be used before and 
during an incident.  

Disaster apps do however have their limitations. Indeed, apps are based on an “opt-in” system, whereby a 
smartphone owner must download the app. A recent representative study of German citizens found that only 16% 
have downloaded a disaster app (Kaufhold et al., 2020). However, having downloaded the app is not enough as 
users should familiarise themselves with the app before the crisis hits as to be able to use it well under stressful 
crisis conditions (Stølen & Nilsson, 2011; Tan et al., 2017). Once the app has been downloaded, there is still the 
issue of getting the users to actually use the app. Data from 2018 showed that 21% of users abandon an app after 
just one use (Upland, 2021a) and 71% of apps do not last past 90 days (Upland, 2021b). In order to overcome the 
hurdle of opt-in, research demonstrates for both general smartphone apps and disaster apps specifically, involving 
users in development ensures their uptake and use (Kouadio, 2016; Pylvas et al., 2018; Tan et al., 2017).  

Another limitation is lack of accessibility for disaster apps. Accessibility is a key component of social 
sustainability and inclusiveness, contributing to usability and durability – as stated in the European Accessibility 
Act (European Commission, 2019). A recent literature review on the Universal Design of Information and 
Communication Technology (ICT) for emergency management found that only 36 papers have been published on 
the subject since 2009 (Gjøsæter et al., 2021). The Web Content Accessibility Guidelines (WCAG) are a common 
metric by which to measure internet-based content such as web platforms and smart phone apps. Recent research 
using WCAG to evaluate five different disaster information sharing web-based tools found that none of the tools 
meet the WCAG criteria and recommends that Universal Design principles be included from the beginning of ICT 
tool development (Radianti et al., 2017). Universal design is defined as the design of products and environments 
to be usable to the greatest extent possible by people of all ages and abilities. It is based on the following seven 
principles as elaborated by Connell et al. (1997):  

• Equitable use;

• Flexibility in use;

• Simple and intuitive use;

• Perceptible information;

• Tolerance for error;

• Low physical effort;

• Size and space for approach and use.

Unfortunately, rarely are digital tools for emergency management, including public facing disaster apps, designed 
with the Universal Design principles in mind (Gjøsæter et al., 2021). It may be argued that Universal Design 
principles should have a key place in disaster apps, as when a disaster occurs, anxiety is likely to be high and 
therefore comprehension levels reduced. This is an effect known as situational disability as indeed circumstances 
surrounding a disaster may lead to temporary impairments, such as noise and smoke temporarily reducing hearing 
and vision among those present (Gjøsæter et al., 2019). 

PROACTIVE AND THE CIVIL SOCIETY ADVISORY BOARD 

The EU H2020 project PROACTIVE (PReparedness against CBRNE threats through cOmmon Approaches 
between security praCTItioners and the VulnerablE civil society) presents a novel solution to i) fill the CBRNe 
disaster app gap and ii) overcome the identified accessibility barriers when developing such an app. In order to 
ensure that the PROACTIVE CBRNe app will meet the criteria associated with universal design and WCAG, the 
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PROACTIVE Civil Society Advisory Board (CSAB) is involved in a co-creation process. The CSAB is made up 
of civil society groups who represent a wide range of citizens of different ages, backgrounds and abilities. The 
PROACTIVE project defines citizens as members of the public and also includes vulnerable citizens with needs 
that differ to the average population. Vulnerable groups may include children, pregnant women, persons with 
disabilities, chronic medical disorders or addiction, older persons with functional limitations and health 
restrictions, institutionalized individuals as well as their companions and the people that care for them. Vulnerable 
citizens also include persons with limited proficiency of the respective national languages or with restrictions 
regarding use of transportation.  

At the time of this writing (March 2022), the CSAB has 48 members from a diverse range of civil society groups, 
from organisations focusing on disability rights, senior citizens, youth or refugees, to citizen science projects and 
research groups from relevant areas of study (e.g., vulnerability).  

METHODOLOGY 

The PROACTIVE prototype disaster app that is the focus of this paper was developed based on a set of basic 
requirements which were defined during a previous workshop with CSAB members. More details about this 
process can be found in Petersen et al., 2021. The prototype app in this paper has been developed as a web app, 
accessible from any web browser, for the ease of beta testing. It will be converted into a mobile app in a future 
stage. The current paper presents the completed research cycle of testing the prototype app and subsequent app 
redesign based on end-user feedback.  

Four workshops with end-users were held in 2021 (details in Table 1). Recruitment for participants in these focus 
groups was carried out via the CSAB. Participants thus represent a given civil society organisation. 

Table 1 Workshop details 

Date of workshop Number of participants Type of organisation & number of representatives 
26 February 2021 10 • Academic institutions/ research groups (on e.g., 

accessibility, vulnerability) 

12 May 2021 4 • Blind/visually impaired persons 
o Two representatives 

• Autistic persons 
o One representative 

• Persons who use wheelchairs 
o One representative 

26 May 2021 9 • Blind/visually impaired persons 
o Two representatives 

• Deaf/hard of hearing persons 
o Three representatives, each from a different 

organisation 

• LGBTQIA+ community 
o One representative 

• Persons with physical disabilities 
o Three representatives from two organisations 

8 June 2021 6 • The homeless 
o One representative 

• Pregnant women 
o Two representatives from two organisations 

• Older persons 
o One representative 

• Visually impaired guide dog users 
o One representative 

• Immigrants 
o One representative 
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In total, four workshops were held online. The workshops were comprised of an interactive session where 
participants were asked to complete certain tasks by using the prototype app, followed by a focus group discussion. 

Interactive App Session 

Participants connected to a live, beta version of the app (Figure 1) by opening a link on a web browser of their 
computer, tablet or mobile phone. They performed 4 tasks live during the session. Participants were free to 
perform or not perform any task. The tasks were: 

1. What information can you find in the app regarding the PROACTIVE Project and can you send the
contact Project Coordinator an email?

2. You are curious about what to expect or what to do if you were ever involved in a CBRNe incident.
What information can you find in the app regarding CBRNe Information? Were you able to download
the information and save it to your device?

3. What information can you find about a recent CBRNe incident (what date and time the incident was
reported, what the incident involves)? Were you able to find a map showing multiple past incidents?

4. Follow the process to share information with a Law Enforcement Agency.

The participants were given the option of registering and creating an account through the app. This is because in 
order to perform Task 4, one must be a registered user for security reasons. However, the registration process is 
outside the scope of this paper. 

Figure 1 First iteration of the PROACTIVE app homepage and incident map page 

Focus Group Interview Guide 

The interactive session was followed by a group discussion using the following interview guide: 

1. Based on first impressions, what design improvements would you make?

2. Are there any additional features you would like to see in the App?

3. How could the App better support accessibility?

4. Now you understand a little bit more about the App, how many stars would you give it?
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We combined the data collected from the four workshops. The input collected was documented and validated 
using the MoSCoW (Must have, Should have, Could have, and Won't have) methodology (Clegg et al., 1994). 
These results were then analysed through the prism of the 7 principles of Universal Design (Connell et al., 1997).  

RESULTS 

End-user Requirements 

For Task 1, participants generally found it difficult to locate the contact information. For Task 2, participants 
easily found the CBRNe information but had difficulty downloading it. For Task 3, participants were mostly able 
to find information related to CBRNe incidents but took issue with the reliance on the map and pointed out that 
not all people can see and/or use a map. For Task 4, participants easily found where to report an incident. However, 
they were uncertain if the information they reported was successfully submitted, due to a lack of feedback from 
the app. Further, while the GPS functionality of reporting an incident was well liked, many experienced technical 
difficulties using it. 

 Based on feedback during the interactive app session and the responses given to the first three interview guide 
questions, Table 2 showcases the end-user requirements based on the MoSCoW methodology. No requirements 
were listed as Won’t have. The requirements listed in the table reuse the language which best reflected what was 
said by participants in the workshops. For example, the requirement of less chaotic interface comes from one 
workshop participating saying “the layout is very chaotic” and another requesting that the app be “visually less 

chaotic”. Once collected, these requirements were then used to update the app. For the fourth interview guide 
question, when asked to rate the app out of five stars, the app received an average of 2.7 stars. 

 

Table 2 MoSCoW requirements 

Must have Should have Could have 

• Compliance with international standards 
for accessibility (e.g., WCAG 2.1) 

• Improve accessibility features: 
• Ability to zoom while ensuring 

high image quality 
• A high contrast option 
• An Easy Read option 
• Audio information 
• Basic wording  
• Bigger text (large font) 
• Bigger buttons, icons & symbols 
• Colour blind compatibility  
• International Sign Language 
• Pictures, pictograms 
• Text-to-speech 
• Translation 

• A less chaotic interface 
• An uncomplicated structure 
• Specific information on what is 

happening and how to act 

• A search button 
• Less confusing icons (e.g., 

contact icon should be an 
envelope, not an arrow) 

• Less reliance on maps 
• Less text 
• Mental health support 

message 
• A symptoms checklist 
• Hospital lists 
• Links to other useful apps  
• Ways to contact 

relatives/loved ones 

• Social media integration 
(post information to a 
given social media 
account) 

• Proof of decontamination 

 

Requirements from End-users Categorized as Universal Design Principles  

Overall, the majority of the MoSCoW requirements from the CSAB can be categorised as belonging to one or 
several Universal Design principles, as seen in Table 3. Certain new features which do not fit into one of the 
Universal Design principles (e.g., specific information on what is happening and how to act, mental health support 
message, hospital list, symptoms check list, proof of decontamination) if chosen to be implemented will be done 
so in compliance with said principles. Indeed, many of these new features are content based and therefore ensuring 
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that they are written with e.g., basic wording and in a large font size would therefore ensure their fit-for-purpose 
with a universally designed app. 

Table 3 MoSCoW requirements categorized into Universal Design principles 

Universal Design 
Principle/ 
MoSCoW end-
user requirement 

Equitable use Flexibility in use Simple and 
intuitive use 

Perceptible 
information 

Must have • Audio
information

• Colour blind
compatibility

• Compliance
with
international
standards for
accessibility
(e.g., WCAG
2.1)

• International
Sign Language

• Text-to-speech

• Ability to zoom
while ensuring
high image
quality

• An Easy Read
option

• A high contrast
option

• Translation

• A less chaotic
interface

• An
uncomplicated
structure

• Bigger text (font
size)

• Bigger buttons,
icons and
symbols

• Ability to zoom
while ensuring
high image
quality

• An Easy Read
option

• Audio
information

• Basic wording
• Bigger text (font

size)
• Bigger buttons,

icons and
symbols

• A high contrast
option

• Pictures,
pictograms

• Specific
information on
what is
happening and
how to act
Translation

• Text-to-speech

Should have • Less text • Less reliance on
maps

• Less confusing
icons (e.g.,
contact icon
should be an
envelope, not an
arrow)

• Links to other
useful apps

• A search button
• Ways to contact

relatives/loved
ones

• A search button

Could have • Social media
integration (post
information to a
given social
media account)
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Applying the Universal Design Principles in the App Redesign 

Redesign of the App Based on the MoSCoW Results 

In order to achieve the Universal Design principle of equitable use, the PROACTIVE app is intended to be a 
single app for all users (meaning that there won’t be different versions to download to accommodate any given 

vulnerability). This has been done by ensuring that the app uses basic wording and less text. This increases 
accessibility for those with intellectual disabilities and children as well as any citizen who might use the app 
during a CBRNe incident and have a situational disability (Gjøsæter et al., 2019). 

The app is applying a colourblind friendly colour palette, ensuring compliance with text-to-speech readers, 
avoiding flashing images, and will have information materials that are supported with audio and sign language. 
As such, users who are colourblind, blind or partially sighted, epileptic or hearing-impaired can all use the app 
equitably. For compliance with text-to-speech readers, the formatting of headings, lists, graphics and logos, 
sequences and hierarchies was completed. Compatibility was tested using a screen reader and a keyboard. When 
it comes to content, the data, whether that be pre-incident information materials or a list of local hospitals, will be 
available as plain text built into the web page as well as a downloadable document.  

Flexibility in use has been achieved in the app redesign by embedding colour contrast ratios in the HTML coding 
in order to provide a high contrast option. The app will also be recoded to allow for zooming for partially sighted 
persons. Furthermore, the reliance on the interactive map to find and report incidents has been reduced and 
alternative options for using these features have been implemented. 

Simple and intuitive use has been achieved through the homepage reorganisation (Figure 2). The homepage now 
has a less complicated structure and a more ergonomic interface. The homepage now highlights the three main 
features of the app:  

1. Providing information about past and ongoing CBRNe incidents; 

2. The ability to report; 

3. Providing preparedness information.  

This has been done by making these items more clearly visible and using larger font sizes, bigger buttons and 
bigger icons. For example, the “report an incident” button is now a standalone button, no longer under the heading 

of “get involved,” and has been coloured as a different colour (in this case red) and shade (lighter) than the other 

buttons to demonstrate its importance.  

Citizens are not expected to come to the PROACTIVE app in order to learn more about the PROACTIVE project, 
but rather for traditional disaster app reasons (pre-incident information, receiving and reporting information about 
disasters). Thus, the homepage no longer describes the project and instead describes the app:  

The PROACTIVE portal is your one-stop hub for all things Communication in relation to CBRNe incidents. 
The terms CBRNe refers to any Chemical, Biological, Radioactive, Nuclear and Explosive incidents and 
through the portal you can: 

• Report and receive live notifications about ongoing incidents in your area; 

• Access pre-incident information on incidents; 

• Interact with Law Enforcement Agencies and Civilian Organisations. 

Many of the updates in the app redesign that are relevant for the universal design principles of equitable use and 
flexibility of use overlap with the principle of perceptible information. Further, whether or not the information is 
perceptible depends on two factors: through the development of the app itself and through the content provided 
on the app. When it comes to app development, the app has been coded to be text-to-speech/screen reader and 
keyboard compatible, the font, buttons, icons and symbol size has been increased, high colour contrast has been 
embedded, self-speaking links have been established, etc.  

When it comes to accessibility through content, the PROACTIVE project has been co-designing pre-incident 
materials alongside vulnerable groups in order to create “specific information on what is happening and how to 

act” (Nicholson et al., 2021). The app also supports the uploading of audio files and sign language videos for such 
information.  

842 



Petersen et al. CBRNe, a universally designed app for that? 

CoRe Paper – Usability and Universal Design of ICT for Emergency Management 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

Addressing Other Design Principles Not Included by End-users 

The principle of tolerance for error is being addressed when reporting an incident. Information that is reported 
must be approved of by the local law enforcement agency running the app. To ensure low physical effort, the 
PROACTIVE app has further minimized clicks (part of the requirement less chaotic interface) and has ensured 
compatibility with assistive technologies (part of requirement text-to-speech). Similarly, the principle of size and 
space for use is being addressed by ensuring that the app is compatible with multiple devices and is available as 
both a web-platform and a smartphone application. This allows the end-user to choose the size and space of the 
device.  

Figure 2 Second iteration of the PROACTIVE app 

DISCUSSION 

Co-design Demonstrates Importance of Accessibility Features but is Not a Panacea for Universal Design 

Out of the 16 Must have requirements, 13 are specifically related to accessibility. The accessibility issues came 
up organically during the interactive session. While performing the various tasks the participants already noticed 
areas where accessibility must be improved. For example, when Task 3 asked participants to find the map, 
participants immediately voiced their concerns that blind/partially sighted persons or some persons with 
intellectual disabilities would not be able to use the information presented in map form.  

As seen in Table 3, the focus on accessibility only led to participants voicing requirements in line with four 
universal design principles, namely equitable use, flexibility in use, simple and intuitive use and perceptible 
information. It would seem that Simple and intuitive use is the universal design principle that is best served by a 
co-creation process. Workshop participants identified confusing icons and these were changed. For example, the 
contact icon was depicted as an arrow and has now been replaced with an envelope, the icon which the participants 
felt best depicted the idea of contact. Another example was that the exclamation mark by share information made 
it seem that one would receive information and not report it to the police. This also allowed us to identify that the 
app presented too much information about the PROACTIVE project instead of accomplishing its objectives. 
Equitable use and perceptible information had many overlapping requirements. This seems to be due to the fact 
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that in order to ensure a piece of information is perceptible, you also have to ensure that it is able to be perceived 
by many, therefore also respecting equitable use.  

Three universal design principles did not come up organically during the workshops. These are tolerance for error, 
low physical effort and size and space for use. The principle of tolerance for error did not come up in the 
engagement activity discussions. This could be because having a “back” and/or “undo” buttons/controls are part 

of the larger device and not implemented in a given disaster app. Since the design of the device (phone, tablet, 
computer) being used to access the PROACTIVE app is beyond the scope of the app design, certain elements that 
would ensure low physical effort, or size and space for use such as having a lightweight device, are inapplicable 
here.  

Challenges with Certain MoSCoW Requirements  

Most of the requirements identified by the participants in the workshop were implemented in the app redesign. 
However, a few proved to be more complicated. These are: a search button, a colour blind compatible map, 
translation and an easy read option.  

The first two requirements listed have been hampered from a technological perspective. Adding a search button 
is more complex than originally thought and the app developers are still working on this aspect. A search button 
for both incidents and information materials are likely to be included in a future iteration of the app. For the map, 
the app currently uses an already existing map service to plot the incidents. It is beyond the scope of PROACTIVE 
to develop its own map. However, news has reached us that the third party map service intends to release a colour 
blind friendly map soon. As soon as it has, this will be integrated into the PROACTIVE app.  

Considering the requirement translation, the authors reviewed freely available translation technologies (e.g., 
Google translate). Unfortunately, these are not compliant with the European General Data Protection Regulation 
(GDPR) and other privacy by design concepts. Instead, the app will be manually translated from English into the 
languages used in the countries where PROACTIVE will run field exercises. These are: German, Italian and 
Dutch.  

Providing an easy read option for the app is extremely relevant for disaster apps. Not only does this help persons 
with intellectual disabilities, have a low learning level and/or are deaf, but it would also be helpful for those 
suffering from situational disabilities during a CBRNe incident. The organisation Inclusion Europe recommends 
that any easy read document be co-created with persons with intellectual disabilities (Inclusion Europe, n.d.) in 
line with the idea of nothing for us, without us. Therefore, to create an easy read option of the information on the 
app, a new series of workshops would need to be organised with civil society organisations representing persons 
with intellectual disabilities. This was not able to be done in the scope of this app redesign. 

Rating 

We used a quantitative rating score to assess the overall app usability and user feedback. An average score of 2.7 
out of 5 stars may seem a less than satisfactory result. However, one should consider that the very first version of 
the app was still missing many of the accessibility features, and workshop participants were being guided through 
the use of an unfamiliar app in an online setting. Most participants experienced the app in their second language, 
without access to one-on-one or manual assistance and their collected feedback is what dictated the revised 
versions of the app. From this point of view it can be argued that participants saw a potential for improvement in 
the app, as proven by their constructive qualitative feedback. This quantitative rating score will be used in the 
future as a metric of the app improvement, and we expect that it will gradually improve with each iteration.  

CONCLUSION 

This article showed how the PROACTIVE project, based on the concept of Universal Design, is implementing a 
user co-creation and iterative process in order to develop a new, inclusive CBRNe disaster app usable by all 
citizens, including vulnerable groups. Through four workshops, the prototype app was tested by end-users and a 
second set of end-user requirements was collected using the MoSCoW methodology. Co-creation has allowed for 
the app to consider 4 out of the 7 Universal Design principles. For the remaining three, solutions were also 
proposed.  

The updated PROACTIVE app was shared and was able to take into account many of the requirements. The app 
has many new accessibility features, including audio information, text-to-speech compatible, high contrast ratios, 
larger buttons/icons/symbols, less text, basic working, and larger font size. Further, the authors believe, thanks to 
the feedback from the workshop participants, that the interface is now more straightforward and ergonomic. The 
co-creation process has ensured that vulnerable citizens’ needs and expectations are met.  
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Going forward, this new version of the app will be further tested, starting a new research cycle. These new tests 
will take place during field exercises, which replace the interactive play part of the workshops presented here. 
When the project is completed, the PROACTIVE CBRNe app is expected to fill the gap in a lack of citizen 
oriented CBRNe disaster apps available on the market today. It will also provide the opportunity to minimise the 
wider “accessibility gap” in emergency management. 
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ABSTRACT 

In case of sudden and extreme life-threatening situation, the most efficient system fulfils the requirement of mobile 
phone emergency alerting information services. But how much information and what type of content must be used 
in a textual message, and how adapt this alert to a large audience and diversified contexts? This paper proposes to 
address this challenge, 1) by presenting results obtained in France during simulated “alerting days”, with sampling 

revealing the perception and understanding of SMS and CB by a non-specialized audience (161 respondents), and 
2) by comparing findings obtained in different contexts (students and teaching staff in a university, crisis managers 
and stakeholders in an industrial context, citizens working near high-risky areas). Even if reactions to an alert are 
individual, similar patterns emerge, suggesting that standardized and non-random needs exist.

Keywords 

Alerting message, Design, Perception, Feedbacks, France. 

INTRODUCTION 

Compared to sirens, that make people only aware of one alert, PWS (Public Warning System) that use Electronic 
Communications Services (ECS-PWS) offer several advantages, such as increased reachability, as a large part of 
the population always has a mobile with them (Hauri et al., 2022). Perhaps the two most practical systems, that 
fulfil the requirements of mobile phone emergency alert information service are the Location-Based SMS (LB-
SMS) and Cell Broadcast (CB). With LB-SMS, message is sent from point-to-point to a predefined set of phones. 
This channel is an individual addressable channel, has a “store and forward” mechanism, and during times of an 
unavailable network coverage or temporary failure, SMS is stored in the Short Message Service Centre network 
that is delivered when recipients becomes available (Aloudat, 2010). With Cell Broadcast, the point-to-area 
notification is sent inside an area defined by cell towers. CB alerts require little bandwidth, whereas fast warning 
through multi-hazard warning apps or LB-SMS cannot always be guaranteed in congested. 
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Douvinet et aL. Evaluating the public’s reaction to simulated phone alerts 

Article 110 EECC (European Electronic Communications Code) mandates that by June 2022, every EU member 
state must implement a public warning system that can reach mobile phone users affected by major emergencies 
and disasters (EU 2018). In France, the French Government agreed the 7th September 2020 to deploy a new Public 
Warning System, that will combine CB and LB-SMS to previous siren network (so-called SAIP). This ECS-PWS 
(so-called FR-Alert) also comes in response to recommendations asked by a few deputies (Bellot in 2016, Bouchet 
in 2018), following the alerts not disseminated massively to the population, especially during the terrorist acts in 
Paris in 2015 or Nice in 2016. Their legislative proposals had remained without follow-up, until the event of 
September 26, 2019: the fire that occurred near the Lubrizol SEVESO High Threshold site, in Rouen, brought 
back to the forefront the need to inform the population in a different way (Bonfanti-Dossat and Bonnefoy, 2021), 
which also explains the announcement of the arrival of FR-Alert in Rouen, one year after this event that marked 
the inhabitants (Ferré and Daudé, 2020). Finally, it is also an unprecedented budgetary choice: the most expensive 
scenario (50 € million) has been accepted.  

The two technologies will allow the French authorities to send a message with various information (the emergency 
situation, the location at danger, the safety guidelines), which will condition the people’s capacities for action and 
reaction (Morss et al., 2018; Sutton & Vos, 2018; Cain et al., 2021). Their ability to interrupt the public activities 
will also be essential for their effectiveness (Potter, 2021). Nonetheless, designing a textual message remains hard 
and complex to define due to the current interactions between factors (i.e., the level of trust in the broadcaster, the 
language used, the feelings raised, or demographic parameters such as age, ethnicity or duration of residence) and 
the way in which people perceived the message and then responded to it is still difficult to address (Sellnow et al., 
2012). Even if the FR-Alert platform sounds good, many challenges are still numerous: 1) an alerting message is 
still correlated with negative feelings such as fear, stress, the need to be assisted, helplessness or anxiety (Reed et 
al., 2010; Cvetković et al., 2019; Cain et al., 2021); 2) some people are not culturally” accustomed to alerts (Ruin 
et al., 2007), which are considered as a constraint and a disturbance to daily life (Weiss et al., 2011; Douvinet, 
2020); 3) the expectations of people have hardly been studied and are thus seldom considered by decision-makers, 
(Quinn, 2008; Bopp et al., 2021); 4) studies carried out on LB-SMS and CB alerts, as in the Netherlands (Jagtman, 
2010), the United States (Gonzales et al., 2016; Parker et al., 2015), Australia (Aloudat et al., 2014), Sri Lanka 
(Samarajiva & Waidyanatha, 2009) or Maldives (Udu-Gama, 2009) have only focused on technical performance 
evaluation methods (Jagtman, 2010; National Research Council, 2013), without considering local effects, and the 
results cannot be generalized (McBride et al., 2020; Bopp, 2021); 5) even the best technology must rely on a clear 
policy and be integrated in a spatial and temporal daily continuum (Douvinet, 2018). 

The majority of previous research has focused on experimental learning about participants’ reactions to messages. 

Research gaps identified include proposals to develop more sophisticated experimentation of alert messaging in 
an integrated alert and warning ecosystem (Smith et al., 2022). Then, as a few researchers, we also decide to create 
protocol to answer to a big challenge: what type of content is attempted by people in an alert message, and how 
adapt a single alert to a large audience located in various contexts? In addition, we aim at providing insights into 
the deployment of the future “FR-Alert” platform, so it would become a real lever for cultural integration of alerts 
among the general public, and not only a technical tool designed to meet legal obligations without being accepted 
and appropriated by individuals. This paper is thus structured as follows. Section 2 presents the brief summary of 
the literature review on the structure of textual alerting messages. Section 3 explains the method and data used, 
and the choices made to set up the three field experimentations. Section 4 summarizes the main results obtained. 

BACKGROUND AND SCIENTIFIC INSIGTHS 

Many studies have well-shown that the content and form of textual alerting messages influence the perception of 
the alert (Schultz et al., 2011; Liu et al., 2017; Kuligowski & Dootson, 2018; Cvetkovića et al., 2019; McBride et 
al., 2020). Users also benefit CB or LB-SMS as they can be addressed more selectively in real time, and be enabled 
to protect themselves by taking timely and effective countermeasures (Dallo and Marti 2021). But the needs differ 
according to the people. For example, a few researchers (McGee & Gow, 2012; Grant & Smith, 2019) have shown 
that people did not pay much attention to alerts received on their phone during the day or in working sites. Others 
have confirmed that the people still prefer their usual information channels, even in the event of an alert (Steelman 
et al., 2015). In the situation of extreme events, a large audience tend to favour familiar, local and interactive tools 
(Kuligowski & Dootson, 2018), more than scientific language. Whatever samplings, six variables (so-called Vn) 
are therefore highlighted (Figure 1), and advantages of each of them are summarized below. 

V1. A signal, to announce the alert message 

A signal (using sound, light or vibration) is required to capture and focus people’s attention in the event of an alert 

(Creton-Cazenave, 2010). Its detection is the first step in acknowledging and perceiving the nature of threat or 
the 
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danger (Bishop & Sonnenschein, 2012; McGee & Gow, 2012; Grant & Smith, 2019). It must create an interruption 
in people’s daily activities, while being part of a certain continuity. This signal must help recipients identify the 
danger or threat (to civil security), the representation being constructed through learning, memorization (Edworthy 
et al. 2011) or according to own individual references (Weiss et al., 2011). In some cases, a specific sound can be 
associated with a type of risk (Edworthy et al, 2011), such as a fire alarm or a foghorn in case of dam failure. 

V2. The credibility and trust in the broadcaster 

The broadcaster must be identified as quickly as possible, to be credible and well recognized (IBZ, 2017). Some 
researchers have confirmed that this variable influences the dynamics of the desired response (Trainor et al., 2015; 
Perreault et al., 2014; Lieu et al., 2016). This credibility stems from the possibility for the recipient to clearly trust 
the source of the message (McGee & Gow, 2012; Grant & Smith, 2019), in order to dispel any mistrust due to the 
many spam messages and fake news people receive daily (Lee & You, 2021). Providing the name of a defined 
entity is also recommended (IBZ, 2017; Kuligowski & Dootson, 2018; Grant & Smith, 2019). This entity varies 
according to the hazard or threat, as it is associated with organizations perceived as legitimate experts by the 
recipients (Australian Institute for Disaster Resilience, 2018). 

V3. The description of the event 

The alert content must explain the nature of the risk, its physical description, its temporality and expected impact 
(Kuligowski & Dootson, 2018). The understandability of the message then depends on its ability to convey a sense 
of danger by using the appropriate language (Perrault et al., 2014). Regarding this, the Australian Institute for 
Disaster Resilience (2018) suggests replacing the standard wording by a clearer vocabulary (dangerous instead 
of severe, etc.), and banning technical and scientific language, in favour of common words that can be understood 
by a child aged 11-12. As an example, “the lack of acute toxicity risk” (i.e. a technical expression used during the 
Lubrizol fire occurred on September 24, 2019 in Rouen, France) is suitable.  

V4. The spatial information 

The spatial information contained in the messages refers to the name and scope of the affected locations, areas to 
be avoided, or sectors to be evacuated. It is a key element that should be properly addressed (Cain et al., 2021). 
Recipients often have trouble locating the danger (Kuligowski, & Doermann 2018), especially when they are not 
familiar with the area or places mentioned. Likewise, people’s own geographic representations of a familiar area 
can lead them to misunderstand the information provided (McGee & Gow, 2012). One map can improve risk 
perception and decision-making (Kuligowski & Doermann, 2018), but it cannot replace text (Cain et al., 2021). 
However, the spatial information recipients claim they would like to receive is particularly heterogeneous (Grant 
& Smith, 2019): exact location of the affected area, approximate distance between the recipient and the affected 
area, safe places to go, routes to follow, etc. This information should be provided using postcodes, names of 
districts and streets, or names of landmarks visible and familiar to recipients (Australian Institute for Disaster 
Resilience, 2018). A link or a web page can complete the alert message but it can be vulnerable to hacking. 

V5. The countermeasures and hierarchy of safety guidelines 

Likewise, safety guidelines must be short, clear and provide key information. The amount and type of information 
provided influences the recipients’ decision-making processes (Rehman et al., 2018). So, any inaccuracy must be 
avoided, as it could compromise the understanding of this parameter (McGee & Gow, 2012), and a hierarchy of 
instructions is required. But some studies show different outcomes. For some, the “ideal” message must be long 

(Potter, 2018) and it must provide detailed information so recipients do not have to take any additional steps to 
seek further information in order to confirm its authenticity (Chandler, 2010; Woody & Ellison 2014; Australian 
Institute for Disaster Resilience, 2018). For others, the content for the danger must be short to be better understood, 
notably in case of immediate events (Kuligowski & Dootson, 2018). 

V6. Additional information 

If a "wall of words" is not appreciated (Grant & Smith, 2019), and if capitalization, bolding, and color should be 
used to highlight the crucial elements that should focus the recipients' attention (Kuligowski & Doermann, 2018), 
complements (via a URL link to a dedicated site for example) are expected to reinforce assessment of the situation. 
It is then necessary to ensure that this information is put online, and to anticipate an overload of connections. And 
if people receive too many warnings that are irrelevant to them, they may grow tired of the ECS-PWS and stop 
reacting to it. This calls for tailoring messages only to those at-risk, and not for warning (Reuter et al. 2017). 
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Figure 1.  Conceptual design for a useful alerting message, and place of the six variables identified in the literature 
review (a fictive example here for a collision between 2 trains, inducing a possible chemical toxic cloud…) 

METHOD AND DATA 

Assessing the public’s reactions during real alerts is difficult because it requires advance knowledge of the danger 
zone and real-time interviews with people. But evaluating the public’s reception to simulated alerts, sent during 
experiences, offers opportunities (Cain et al., 2021; Smith et al., 2022). By the way, we created simulated “alerting 

days”, during those we asked to volunteer participants to answer in paper format questionaries about the content 
of SMS (in terms of clarity, length, words and location), we changed according to the nature of events, the contexts 
and the format (short or longer). This approach was carried out in various contexts in France in 2021 (despite the 
health context of COVID-19). All these experimentations render the observations of reception of the public placed 
in a fictive situation without using classical scripts of observation (Salès-Wuillemin, 2013). Unlike the observation 
that involves a minimal intervention by researchers, or surveys that are primarily interrogative, these “alerting 

days” consist of disconnecting participants from their daily activity, stimulated in their workplace during the day, 
and 2-3 observers also looked at the reactions of the respondents when alert messages were received. 

Research questions and hypotheses 

Given the great number of questions asked for designing a notification, it was impossible to test everything with 
a large audience and in all experimented contexts. Thus, choices were made, to answer to 5 hypotheses (Table 1), 
and some of them are directly related to previous identified variables. The evaluation protocol was then deployed 
in each context, with similar questions, to allow for a comparative analysis. 
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Table 1.  Hypotheses we want to test by measuring the public’s reaction to alert messages (CB or LB-SMS) 

Number of 
hypothesis 

Tested variables 
(literature review) 

Comments and positive formulations 

H1 
The description of 

one event (V3) 
The nature of the event influences the form, content 

and understanding of the message 

H2 Age of respondents 
The age of the respondents plays a role on the 
expectations and content of the notifications; 

H3 
Previous alerting 

experience 
The previous experience of an alert influences the 

expectations of future message 

H4 
Context and spatial 
information (V4) 

Each site conditions the hazards, and thus the 
understanding of the alerting message 

H5 
CB notification 

Level 1 (V1) 
The reception of the CB message Level 1 (with sound) 

does not induce the same reactions as an SMS 

Experimental conditions and study sites 

The study sites are related to the positive responses of the stakeholders (local associations, company directors and 
prefectures). 1) At Avignon University, the respondents (33 students and 18 teachers) were put in a situation on 
the Hannah Arendt campus, located in the inner-city centre, knowing that scenarios are based on risks existing in 
the campus: flooding, fire, accident linked to the transport of dangerous materials or intrusion (Figure 2c). 2) At 
Port-Jerome, the respondents (12 elected officials and 22 crisis managers) were located near the EXXONMOBIL 
petrochemical platform (110 ha), where multiple risks exist : fire, technological accident or intrusion (Figure 2a); 
3) At Le Havre, the respondents (11 truck drivers, 14 employees, 12 municipal agents, 6 parents, 9 firefighters)
were put in place in 7 sites (SDIS-76, TGS accounting agency, in front of the Mayville school parking lot, in the
SEVESO SEDIBEX site, in the Vendée Matériaux do-it-yourself store, in the ICPE SEPP and in the Le Cormoran
roadside restaurant; Figure 2b). All of these sites have the common point of being close to the spatial scope of the
Technological Risk Prevention Plan (PPRT), approved in 2015 by the State services.

Figure 2.  Location of the different experimented sites in the three contexts: Le Havre, Port-Jérôme and Avignon 
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Conditions of the experimentations were adapted to each site: 1) At Avignon University, the day was unmarked, 
and the 51 participants were distributed in 5 different rooms in order to respect the COVID rules (50% occupancy 
rate of the rooms; a minimum distance of 2m between the participants). Chasubles were also distributed (Figure 
3), in order to be able to follow the movements of the individuals (filmed and photographed with their agreement). 
2) In Port Jérôme, the elected officials and the administrative agents received 6 SMS in the context of a framework
exercise organized by the Prefecture of Seine-Maritime (with the scenario of a fire generating a slight explosion
and with a release of toxic gas that could cause respiratory problems). 3) In Le Havre, the experimentations were
organized in a staggered way in time, on each of the 7 sites, and the protocols lasted 1 hour on average. Site visits
were always organized before the experiments, to validate the participants' grouping rooms and to check the
correct functioning of the alert tools. All participants were invited on a voluntary basis (with an e-mail sent by the
directors of the establishments or by SMS). A declaration form respecting the General Data Protection Regulation
(RGPD) was also drafted in order to keep anonymized data for research purposes for a period of 5 years. On the
day of the experimentations, an automatic caller was used to simulate SMS arriving on mobiles of each participant
(to gain credibility), and the CB notification was presented on a test cell phone. The participants were then given
a guide booklet to fill in individually. For their part, the researchers had as main missions to explain the scientific
approach, to ensure the smooth running of tests (Figure 3), and to ensure the moral integrity of the participants.

Figure 3. Alert experimentations in Avignon, and explanation of the test to the respondents (Douvinet@2021) 

Number of respondents and nature of simulated scenario-based notifications 

Different messages (Table 2) were sent to the respondents. SMS#1 asked to shelter themselves due to a progress 
fire in the building the respondents are located. No proactive action was therefore needed. SMS#2 warns people 
of the presence of a malicious person, without indicating its location; then, the respondents should consider how 
to protect themselves (escape or lockdown)). Different gathering points were arranged to test the ability of people 
to orientate themselves in space. Each SMS were sent twice in two formats (short or longer, see one example in 
the Figure 4) and in French. The CB notification (SMS#3) was an intrusive notification indicating an earthquake: 
this simulated notification equals to a real message sent in Japan in 2021, but we aim here at measuring the sound 
effect on the public’s response, even if such hazard cannot appear in the experimented contexts.  

Table 2.  Type of SMS and number of respondents in the different experimental contexts 

Nature of event 
(scenario-based 

messages) 
Format Language AU PJ LH 

Respon- 
dents 
(N) 

Para- 
meters 

(P) 

Data 
(N * P) 

SMS#1 (fire) 
Short French 51 34 63 148 5 740 

Long French 51 34 63 148 5 740 

SMS#2 (a 
malicious person) 

Short French 51 / 76 127 5 635 

Long French / / 76 76 5 380 

CB Earthquake Short English 51 34 63 148 5 740 
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Figure 4.  Example of SMS sent during the simulated fire alert in Le Havre (13 October 2021). Note: This message 
has been translated here in English, but it was sent in French, the native speaker language of participants. 

Evaluation protocols 

All the respondents were asked to answer various questions using paper questionaries (see Appendix A to see the 
basis for the data collection). First, questions on age, past experience of an alert (with a precision on the nature of 
the event and the related feeling), and the level of stress (noted from 0 to 10, using the Likert grid), to render the 
collection of some sociodemographic parameters easier. Then, after the reception of SMS, the respondents make 
a judgment on the length (too short, too long, correct), appropriation (no rereading, rereading necessary, or more) 
and level of knowledge of the places (I can identify the places right away, after thinking about it; it is not at all 
clear). They could also indicate whether there were items that needed to be reworded or deleted from the proposed 
notifications. For the CB, questions about the content, the sound (pleasant or unpleasant) and the feeling (free 
response) were asked. At the end of the various requests, the stress level was again assessed (to confirm that the 
research experiments had not created stress in accordance with ethical rules), and questions on the organization 
of the tests or the reasons for satisfaction were asked. A collective debriefing track was systematically organized 
to listen to the participants in a free way. 

Age and previous alerting experiences of the respondents 

The volunteer participants have different ages. 55 people (34%) are between 19 and 29 years old (a majority being 
students enrolled in 2nd and 3rd year Bachelor's degree), 38 (23%) between 40 and 49 years old (almost half having 
been put in situation at the restaurant and at the SDIS in Le Havre, or being managers at Port Jérôme), 28 (17%) 
between 50 and 59 years old. Only 13 people are over 60 years old (Table 3). Out of the 64 persons declaring to 
have been alerted in the past, 20 confuse alerts with meteorological warnings (in particular those issued by the 
Prefectures, Météo-France and the insurers). If we remove these 20 responses, 24 people (out of 44) have already 
received an alert for an industrial accident (15 in the Le Havre area), 8 for a gas leak, 5 for a malicious act, 4 for 
a suspicious package (including 3 in Avignon), and 4 for an accident involving a vehicle transporting hazardous 
materials (TMD) (Table 3). Very few participants mentioned a high level of stress at the beginning and at the end 
of the experiments on the Likert grid (105 with a level of 0, 43 with a level of 1). Only one person indicated having 
been stressed (with a score ranging from 3 to 5), and she have been coached afterwards. As for representativeness, 
it is difficult to measure, as the participants registered on a voluntary basis. Therefore, the analysis of the results 
should allow us to validate the hypotheses and to identify trends that should be confirmed later. 

Table 3.  Age of the 161 respondents in the different experimental contexts 

Ages Avignon (AU) Le Havre (LH) Port-Jérôme (PJ) Total 

19-29 33 16 1 50 

29-39 2 15 7 24 

40-49 5 20 15 40 

50-59 10 19 4 33 

60 and more 1 6 7 14 

Total 51 76 34 161 

Previous alerting 
experience 

15 18 11 44 
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Statistical analyses 

The data collected via the paper questionnaires were compiled in a spreadsheet, to allow filtering of the responses. 
Three approaches were carried out. First, for each type of message (fire, malicious act or earthquake), a qualitative 
overview is proposed, to observe differences according to the nature of alert and the experimentation sites. Second, 
inferential analyses (with the Chi-square tests) were tested on all collected parameters, to determine the relations 
between all collected data, by crossing the selected parameters in pairs. If null hypothesis was rejected (with a p-
value lower than p<0.005 due to the weak number of data), the importance of the relationship was quantified using 
the Tschuprov test (easier to understand in comparison to the Cramer formula). Third, Multiple Correspondence 
Analyses (MCA) were applied to analyse the pattern of relations between the nature of events, socio-demographic 
characteristics and the evaluations on the length, clarity and spatial information, by sub-dividing the data collected 
for fire SMS, malicious act SMS and CB notification (earthquake). Profiles were then generated using Ascending 
Hierarchical Classifications (AHC), and the MCA/AHC couples were applied independently of sites, to measure 
the geographical influence on the public’s reaction. These data processing techniques, performed with RStudio, 
offer synthetic view, and the dataset will be freely available online. 

RESULTS 

SMS: different reactions according to the nature of simulated events 

Studying the answers of the respondents who receive the simulated fire and malicious act SMS is first interesting: 
trends appear on various sites, and differences according to the nature of the event are underlined.  

Short and long SMS#1 (for the simulated fire alert) have been sent in the three contexts. At Avignon University 
(Figure 5a), the long SMS is considered as more adapted in terms of length (45/51) than the short SMS (37/51). 
Information contained in the shorter SMS is nevertheless easily retained, since the message is read only once by 
36 respondents, against 18 for the long message (27 participants had to read the SMS again). If the long message 
contains more spatial information (43 people find it complete, against 32 for the short SMS), it takes much time 
of reflection and confusions (16 participants - all students - would have liked to know the place of gathering with 
more precision, against 3 participants only for the short SMS). In Le Havre, the short SMS is also considered as 
correct (51 against 37 for the long SMS). However, the spatial information is unclear (Figure 6a). 13 participants 
need time to think about it, and 13 people even did not understand it. In Port Jerome, only one reading was required 
(33/34 for the long SMS; 31/34 for the short SMS). The long SMS is considered the longest (25 against 20 for the 
short one), and the spatial information, more numerous, was understood immediately by 25 participants (against 
16 for the short SMS). Finally, this analysis, qualitative, highlights the good reception of length and content, but 
differences exist in terms of clarity and understanding of spatial information. 

Short or long SMS#2 (indicating a malicious act) have been only sent in two contexts. Trends are less obvious. 
At Avignon (Figure 5b), the long SMS is judged correct by a high number of respondents (44), as for the short 
SMS (41/51). The long message is more reread (22 vs. 15), but it is still judged as containing enough information 
(32, vs. 25 for the short SMS). However, respondents reported taking more time to locate the spatial information 
in both SMS (25 and 22). In addition, the term "suspicious person" in the long SMS was a source of stress and 
anxiety for 16 people (as testified by the observers and indicated in free discussions in the questionaries). In Le 
Havre (Figure 6b), the long SMS is correct for a high number of respondents (54), more than the short SMS 
(47/76). 38 people understand the locations indicated right away (versus 26 for the short SMS), and 26 participants 
do not have enough information in the short SMS. In addition, the term "run or hide" (indicated in the long SMS) 
received paradoxical reactions: 11 people laughed, while 14 people stressed.  

CB: different reactions according to the experimentation contexts 

The alert traduced by a CB notification was sent in two contexts, and evaluated by 88 respondents (Figure 7). The 
analyses bring other results. 27 people (including 11 in Avignon) found the sound really surprising; 43 found the 
sound pleasant but 42 also found it unpleasant (including 22 in Le Havre). The observers also noticed that some 
respondents winced, moved their heads away from the handset, or covered their ears when hearing the notification. 
The length is not appreciated in the same way either: 31/51 found it “too short” in Avignon; 22/34 correct in Le 
Havre. 41/51 found it clear in Avignon, but 22/34 not clear at all in Le Havre. This is a result that supports the 
specific reactions to CB: at the University of Hull (Smith et al., 2022), the responses from 80 students demonstrate 
that the distinctive, loud, penetrating sound was distracting and unpleasant for 43% of individuals, and several 
participants covered their ears when hearing the sound of the notification. Finally, the SMS or CB support different 
reactions, that the practitioners and the authorities have to consider before sending a real message. 
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Figure 5. Results obtained in Avignon during the experimental alerting day. 

Figure 6. Results obtained in Le Havre during the experimental alerting day. 

Figure 7. Results obtained in Avignon and Le Havre after the CB reception. 

Trends statistically confirmed on SMS collected data 

Chi-square analyses (on all collected data) confirm that even if parameters are weakly related to each other (Table 
4), the nature of the event is strongly related to the format (35.5%), and the clarity of messages (28.3%). Although 
other parameters present contributions ranged from 11 to 19% (e.g., the links between length and nature of events, 
or between the previous experience and spatial information), these relationships are statistically insignificant, as 
the null hypothesis is accepted if we consider a p-value > 0.005. Therefore, the levers to promote the 
understanding 
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of notifications and their acceptability seem to be founded on the format of message (short/longer) and the choice 
of language used to locate the alert zone, but do not depend on the age or previous experience. Thus, it is surprising 
that these parameters are not more emphasized since many studies had suggested their importance (Smith et al., 
2022; McGee & Gow, 2012; Grant & Smith, 2019; Kuligowski & Dootson, 2018). 

Table 4.  Relation between parameters with Chi-square analyses 

Combined parameters Chi Square Theoretical Chi 
square 

DDL p-value HO reject Tschuprov Link 

Nature of 
event 

(Scenario- 
based 

messages) 

Age 11.52 16.92 9 0.24162 No / / 

Experience 1.58 7.81 3 0.66284 No / / 

Length 25.87 12.59 6 0.00023 YES 0.1383 Weak 

Clarity 108.10 12.59 6 0.00000 YES 0.2827 Medium 

Spatial Info. 8.97 12.59 6 0.17537 No / / 

Format 120.16 7.81 3 0.00000 YES 0.3545 Medium 

Clarity of 
SMS 

Age 20.00 12.59 6 0.00276 YES 0.1123 Weak 

Experience 9.99 5.99 2 0.00678 No / / 

Length 27.87 9.49 4 0.00001 YES 0.1588 Weak 

Spatial Info. 37.50 9.49 4 0.00000 YES 0.1843 Weak 

Format 3.31 5.99 2 0.19077 No / / 

Previous 
Experience 

Age 8.73 7.81 3 0.03315 No / / 

Length 1.36 5.99 2 0.00678 No / / 

Location 15.16 5.99 2 0.00005 YES 0.1393 Weak 

Format 0.08 3.84 1 0.78329 No / / 

Spatial 
information 

Age 11.79 12.59 6 0.06672 No / / 

Length 27.41 9.49 4 0.00016 YES 0.1575 Weak 

Even the best message will never speak to the majority! 

Five Multiple Correspondence Analyses and Ascending Hierarchical Classifications (MCA/AHM) were tested, 
on data collected for short SMS#1, long SMS#1, short SMS#2, long SMS#2 and CB. The objective was to identify 
classes accounting for socio-demographic characteristics (age, experience), and evaluations on the length, clarity 
and spatial information, without including the experimentations contexts (used only as descriptive parameters) in 
the statistical process, and to see if the respondents present similar reactions to the 5 stimuli.  

Results of the five MCA are summarized in Table 5. The 4 Factorial axes (F) retain various percent of the initial 
inertia, ranged from 64.1 to 75.8%. Interestingly, even if parameters do not contribute to the same axes, several 
parameters are systematically related. The SMS that takes time for understanding the spatial information and need 
2 re-readings are often opposed (in F1 for short SMS#1 or F1 for short SMS#2) to the respondents who appreciate 
the content of SMS. The respondents who consider SMS too short had often experienced one alert in the past (F2 
for short SMS#1). Those who consider spatial information unclear also do not appreciate the length of the message 
(too short for the short SMS#2 and too long for the short SMS#1).  

Table 5.  Results obtained with the Multiple Correspondence Analyses (MCA) 

Nature of event 
(scenario-based 

messages) 
Format 

F1 
(%) 

F2 
(%) 

        F3 
        (%) 

     F4 
    (%) 

   Total % 
 (F1>F4) 

SMS#1 (fire) 
Short 20.9 19.5 18.7 16.7    75.8 

Long 19.7 15.6 13.8 12.6   61.7 

SMS#2 (a 
malicious person) 

Short 19.8 16.9 16.5 13.3   66.5 

Long 26.2 18.6 18.1 12.6   75.5 

CB Earthquake Short 21.2 18.4 14.0 11.3    64.9 
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The five related AHC allow for identifying 3 or 4 classes for the different stimuli. All the classes are not recurrent 
when we analyze the main characteristics of each of them. However, four groups (G) appear identical (Figure 7), 
especially for the class recalled A (“spatial information clear, 1 read and a correct message”), identified for the 
short SMS#1 and for the long SMS#2, the class B (“too long”), the class C (“spatial information unclear and no 

previous alerting experience”) and the class D (only “correct message”). 

Figure 7. Results obtained with the MCA/AHC couple, for the four SMS messages 

Thus, we pay attention on these identified groups, allocated to each respondent. G1 gathers 30 persons at Avignon, 
but only 4 persons in Rouen and 10 at Le Havre. It means that the “spatial information clear, 1 read and a correct 
message” is common, independently of the simulated based-scenari (fire or malicious act), but it strongly depends 
on the public profiles. At the opposite, G3 gathers only 6 respondents that evaluate SMS with “spatial information 
unclear and no previous alerting experience” at Le Havre. This group is not important, but it suggests that these 
persons will never appreciate the spatial information, whatever the nature of the event in progress. Finally, the G2 
and the G4 do not group any respondent. “Too long” SMS are therefore one-time evaluations. 

CONCLUSIONS AND DISCUSSIONS 

Responses to initial hypotheses 

Even if the samplings in each experimental site, and the number of respondents, are not necessarily representative 
of all contexts, our results first allow to answer to initial hypotheses (Table 5). The nature of event (V3), as well 
as the spatial information included in the alert (V1), are main variables (V3), in the design of the message but also 
for the respondents, whereas the age (H2) or the previous experience (H3) do not play a major influence. CB (V1) 
also induces differences in reactions, but trends are not clearly underlined. 

Table 5.  Hypotheses we wanted to test by measuring the public’s reaction to alert messages, and results 

Number of 
hypothesis 

Tested variables 
(literature review) 

Comments and positive formulations Results 

H1 
The description of 

one event (V3) 
The nature of the event influences the form, content 

and understanding of the message 
Sure! 

H2 Age of respondents 
The age of the respondents plays a role on the 
expectations and content of the notifications; 

No 

H3 
Previous alerting 

experience 
The previous experience of an alert influences the 

expectations of future message 
Not 

really 

H4 
Context and spatial 
information (V4) 

Each site conditions the hazards, and thus the 
understanding of the alerting message 

Sure! 

H5 
CB notification 

Level 1 (V1) 
The reception of the CB message Level 1 (with sound) 

does not induce the same reactions as an SMS 
Probably 

By the way, such results allow to formulate a kind of "framing note" for designing optimal alerting messages. One 
example is given in the situation of a malicious act (Figure 8). The six variables need to account for the needs of 
population, so this framework should be implemented in the current and future ECS-PWS. Surely this grid needs 
to be adapted to the audience or by the authorities in charge of alert in each country, but it reveals invariant and 
non-invariant elements. And this framing note strongly improves the former studies (Sorensen, 2000). 

CoRe Paper – Usability and Universal Design of ICT for Emergency Management 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

1 2 3 4 1 2 3 4 1 2 3 1 2 3

rigth away x x x

a time to reflect x

not at all x x x x

too short x x

correct x x x x

too long x x x x

read once x x x

re-read once x x

more re-reads x
yes

no x x x

Interesting group A C B D C D B A

MCA Classes - Long SMS#2

Spatial 

information

Length of the 

message

Clarity of the 

message

Previous alert 

expérience

MCA Classes - Short SMS#1 MCA Classes - Long SMS#1 MCA Classes - Short SMS#2
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Figure 8. A framing note applied for designing an optimal SMS accounting for the needs of population 

Scale effects 

Taken together, these results confirmed that there are normed reactions to alerting, and therefore not random. Some 
results are consistent with the scientific literature: individuals wish to receive a clear, precise, long, directive and 
coercive message, even for those who have already been informed in other ways (by sirens or loudspeakers). The 
nature of event, its location, the safety guidelines and/or the gravity of the situation are elements expected by the 
population, which underlines all the framing elements presented at the beginning of this article. In their study, 
Smith et al. (2022) tested for example flood CB notification with 188 students, and the most common response 
(34%, n = 66) indicated that being given direct instructions about what to do was important.  

Second, we observed that in the situation of simulated fire or intrusion, the respondents take time to interpret the 
situation and take a decision, using the information available in the message, but also in their social and physical 
environment, which remains however uncertain and incomplete, to which are added the knowledge, beliefs and 
values. Social interactions are likely to reinforce perceptual biases, through effects that are now well known in the 
field of risk, such as comparative optimism (i.e. thinking one's self is less risky than others), or social proof (i.e. 
if others act this way, there is a good reason). Thus, cognitive and social factors interfere with the understanding 
of alerting messages, and the observers note that several responders looked around before answering. 

But new elements have also appeared. 1. The fire SMS is mostly recognized than a malicious act. This is probably 
due to the current exercises dealing with fire evacuating in numerous public sites, and to the stress more generated 
in case of terrorism in France (especially since the dramatic attacks in Paris in 2015). 2. The authority perceived 
as legitimate is not always the territorially responsible actor, which leads to question the regulatory framework: if 
the officials and crisis managers trust in the prefecture, the students and staff of Avignon University would like 
the alert officer to be adapted to the nature of the event (the firefighters in case of fire; the prefecture in case of 
flood; the President of the University in case of malicious act…). 3. The respondents wished to receive more than 
one SMS (for example, a SMS broadcasted every 15 minutes), to understand the evolution of the current situation 
and to be kept informed. Therefore, it is not necessary to limit the alert to a single message. 4. Age and experience 
do not play a key role on alert reception, so these results differ from other studies (Smith et al., 2022). 5. Most of 
the respondents prefer a directive first message (especially in case of immediate protection), and they would like 
to have more information in the following messages, or at the end of the alert; 6. The knowledge, the use and the 
frequentation of the sites are discriminating factors in the strategies to go to safety or reach a place.7. The use of 
politeness (thank you, please...) is not desired in one alerting message. 

Supports and perspectives for FR-Alert in France 

Several advices can be formulated for the broadcasters. 1. Participants need to quickly authenticate the broadcaster 
of the alerting message, which should vary according to the nature of the hazard or threat. This entity must be the 
most legitimate entity in the “eyes of the population”, and not necessarily the administrative authority with 

territorial jurisdiction. 2. Indicating the alert zones in a message (the place of threat or the place to be reached) is 
difficult because the people have to be identified them. The toponyms or the official names are not the best 
terms, 
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or even when the places are unknown by the individuals. In a message, the location of the place should be in 
relation to something recognizable and easily identifiable (nearby), taking into account the context (known place, 
specify the name in addition). 3. The first SMS is important since it creates the first relation between the authorities 
and the population, so the authorities need to send the alert as soon as possible, even if no additional information 
is known. Keep these messages short and remind them that people will be informed soon. 4. There is no magic 
formula for writing a SMS that will speak to everyone, but it would be enlightening to set up a typology of cases. 

And precisely, results of this study have been presented to the French government in 2021, and to several prefects 
who will be the users of the future FR-Alert platform since March 2022. Regarding the choice of words and type 
of language recommended in our experimentations, discussions emphasize the wording in the command-and-
control centers (such as the firefighters center) and changes are in progress: the instructions will be prioritized and 
a message will be proposed to the authorities to name the event and choose the appropriate words. The ORSEC 
messages will be also simplified (this list cannot be presented here since the last version is in the process of being 
validated). Other guidelines have been proposed to perform the trainings with the population. CB notifications 
should be sent to the population in May 2022, to see what kind of messages they could receive in case of real alert 
with FR-Alert; LB-SMS will be tested to check the number of antennas required to alert people located in the 
“point to point” zone (estimated with a threshold estimated at half a million people by some ECS-PWS providers). 

Other issues should also be questioned because some people (impaired or disabled) will never be able to read the 
text messages: 1) how to reflect on cultural dimensions (language, practice, etc.) of the alert and the related biases 
(cognitive, perceptive)?, 2) how to focus on collective reactions following the reception of the messages (why did 
individuals react in such a way? what proportion of individuals was forced to reread the SMS?  3) how to evaluate 
the needs of a large audience in their diversity (handicapped people, children, etc.); 4) how to create automatic 
messages taking into account for context effects? Whatever these tracks, the alerting experience, the experiments 
and the risk awareness are essential elements to consider if we want to hope for an efficient warning. 
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1. Personal information
1.1. What is your age range? • < 19 years

• 20-29 years
• 30-39 years
• 40-49 years
• 50-59 years
• > 60

1.2. Have you ever received an "alert" for an event that affected you? • Yes 
• No

1.3. What was the nature of the event? • Fire
• Gas leak
• Malicious act
• Flood
• Threatening individual
• Suspicious package

Other (please specify in this case):  .................................... 
1.4. How did you feel about the occurrence of this previous event? .................................... 

1.4a. What was the means of alert used? • Siren
• SMS
• Other: ........................... 

1.4b. In your opinion, was this method appropriate? • Yes
• No
• Why? ........................... 

1.5. By the way, are you ever stressed (1 : no, not at all 10 = very stressed) 
• 1   • 2   • 3   • 4   • 5   • 6   • 7   • 8   • 9   • 10

2. SMS reception (repeated according to the number and nature of simulated based-scenario)
After receiving the SMS on your mobile phone, please answer to the following questions

2.1. The length of the message was • Too short
• Correct
• Too long

2.2. The clarity: To understand the message, you need to… • Read once
• Re-read once
• More re-reads

2.3. The spatial information: You locate the event… • Right away
• After a reflection time
• Not at all
• No answer

2.4. Is there any word(s) you want to… • Change? ........................... 
• Delete? ........................... 

3. CB notification (presented using a computer and a fictive phone)
After hearing this alert notification, please answer to the following questions

2.1. The length of the message was • Too short
• Correct
• Too long

2.2. The clarity: Do you understand alerting information? • Understood
• Not understood
• No answer

2.3. The voice: The vocal message was… • Pleasant
• Unpleasant
• No answer

2.4. The spatial information: You locate the event… • Right away
• After a reflection time
• Not at all
• No answer

2.5. What do you think about such message?  ........................... 

862 



Pettersson Key Concepts for Digitally Supported Table-Top Exercises 

CoRe Paper – Usability and Universal Design of ICT for Emergency Management 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

Key Concepts for the Effective Use of 
Digitally Supported Table-Top Crisis 

Management Exercises 

John Sören Pettersson
Karlstad University, Sweden 

john_soren.pettersson@kau.se 

ABSTRACT

Several researchers and contingency agencies have suggested good practices for crisis management exercises. 
Resource-constrained practitioners in the field report difficulties finding cost-efficient ways to maintain exercise 
cycles. This paper draws on experiences from working with professional crisis response coordinators who adapted 
material for table-top exercises to learning management systems, executed the exercises and evaluated team 
performance. This paper discusses the elimination of bottlenecks and unexpected benefits arising from more 
flexible exercise designs in terms of synchrony, continuity, and location. While these concepts capture the essence 
of the various opportunities for flexibility, they need some supporting features in the design of digital exercises. 
This paper argues for putting emphasis on the writing/speech dichotomy when analysing exercise designs from 
the perspective of the entire exercise life cycle, including evaluations and preparations for further exercises. 
Additionally, how requests for individual answers are planned appears to be an effective instrument for efficient 
exercise design and evaluation during the conducting of an exercise. 

Keywords 

Crisis Management Teams training, table-top exercises, exercise design, learning management systems. 

INTRODUCTION 

The COVID-19 pandemic has highlighted the need for preparedness for unforeseen disruptive events at all levels 
of society. Crisis management at local levels, such as municipalities and other organisations, has long been 
advocated by contingency agencies. Previous research has found that organisations face several obstacles to 
practicing crisis management as often as they wish (Magnusson et al., 2019a; van Laere and Lindblom, 2019), 
and such findings form the basis for this study. Our interpretation has not been that crisis response systems are 
the best tools to meet the training needs of local organisations, even if such systems play a role in many crisis 
management exercises. Rather, at the economic level of small municipalities, public bodies and many companies, 
there is a need to support exercise preparation management and implementation with affordable tools. Using 
learning management systems (LMSs) as prototype tools, the Swedish-Norwegian Interreg project CriseIT 2 
explored the use of exercise management tools to fit the requirements collected in a previous project (Magnusson 
et al., 2019b). Together with crisis management trainers, we designed (and they conducted) short crisis 
management exercises inspired by the common table-top format (Coppola, 2007; Salas et al., 2012) and supported 
by LMSs in parallel with other digital systems. Although table-top exercises cannot replace field exercises, they 
have proven to be valuable for role training, understanding contingency plans, and inter-organisational bridging, 
(Granåsen et al., 2019; Rotstein et al., 2007).  

This paper represents an attempt to define what concepts have been essential in this confluence of requirements 
for exercises and for managing their planning and evaluation. The author was the lead researcher in most of the 
LMS-based exercises and therefore closely followed the planning and conduct of them, and engaged in the follow-
up interviews in most cases. The perspective presented here has been discussed with the project team members 
and included in a joint report (Magnusson et al., 2021) for the whole CriseIT 2 project, which contained several 
other streams, including virtual reality (VR) simulations to enhance table-top exercises, but these other streams 
are not discussed here. The key concepts for simple LMS-supported exercising are presented below with examples 
from the actual exercises planned and conducted to highlight the relevance of these concepts for the effective 
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utilisation of LMSs. More intricate and detailed terminology can certainly be developed – and admittedly was 
used during the empirical work related to this study. However, for the purpose of discussing how to tackle the 
main problems mentioned above, only significant design choices for simplified exercise designs are highlighted 
here. This is the primary contribution of this conceptual study for resource-constrained safety coordinators, and 
we conclude this paper with a call for more research into how long-term exercise planning can take advantage of 
the kinds of variations in exercise format that this conceptual framework invites.  

RELATED WORK 

The Swedish national contingency agency, MSB, describes large multi-actor distributed table-top (“seminar”) 

exercises as follows: “A major advantage of this is that the exercise is cost-effective, as it does not generate any 
travel costs, and that more people therefore have the opportunity to participate. […] Another big difference is that 

the exercise can last for a long time, from a week to several months. It will then be up to each stakeholder to 
decide how many resources should be spent on the exercise” (MSB, 2017 [orig. 2014], p. 14, our translation). 
This relaxed attitude could possibly also be used in smaller exercises to get cycles of exercises rolling; the vision 
is then to bring on board individual trainees rather than whole organisations, which is a problem, among certain 
other problems, that has been highlighted by recent research. Following interviews with 19 crisis response 
managers, Magnusson et al. (2019b) recounted major problems related to too few exercises taking place and that 
planning is complex and time-consuming: “Constructing a scenario takes time, as does finding a date that suits all 

or most of the intended trainees.” (p. 87). In particular, some branches of their organisations, such as management 
groups, did not engage in crisis management exercises often enough, as mentioned in the original interview report 
(Wik et al., 2017). Stern (2014) notes similar problems: managers’ “time and attention are scarce resources and 
competition for these are fierce. Time spent preparing for future crisis is time not spent on current challenges” 

and “leaders may be insecure about their ability to perform under crisis pressure and avoid the ‘hot seat’ in 

exercises” (pp. 11–12). 

Magnusson et al. (2019b) outlined generic requirements for a digital tool for exercise management: “Support an 
integrated exercise/training process from planning to execution and evaluation” with multi-actor collaboration; 
support synchronous and asynchronous exercises; provide easy access; support reuse/copying of exercise content, 
and audio and video formats; and ensure low costs for public organisations – we may guess that this appeals to 
many companies as well (p. 93f). As LMSs are commonplace in schools, universities, and some companies, 
several of the opportunities offered by a system meeting such requirements can be explored using existing LMSs 
without developing prototype software (Bellström et al., 2020). Such systems have rather low barriers to entry for 
first-time users and can be used in the exercise itself. Furthermore, using existing systems makes it possible to 
carry out the planning of individual exercises in the LMS. This would also make it possible for a municipal safety 
coordinator to invite users across the municipal organisation for joint and even cross-border planning if companies 
or other municipalities were to participate. Because a learning platform is not only a file-sharing system that can 
facilitate the planning and preparation of the exercise, the material itself, such as text, photos and video snippets, 
can also be integrated into the workspace for the exercise. Tips to the trainer can be placed in modules that are not 
made visible to anyone other than the exercise planners or exercise leaders. 

As an all-purpose education tool, the LMS is not intended to be used in real events. Therefore, such a tool does 
not need to be integrated with systems used in real crises, and it does not need to have the functionality possessed 
by such systems. However, exercises may involve the use of such systems. This approach, which was applied in 
our exercises where appropriate, can be seen as a response to the view that exercises should take place in the same 
system used in a real event (that would be one way of reading Premise 1 of Turoff et al., 2004; on the other hand, 
their “simple communication addition” [p. 7] to a computer-based training system in the late 1960s is similar to 
the LMS usage experimented with here). Organisations’ economic constraints and restrictions on the inter-
organisational use of critical systems make real systems less appropriate as the backbone for supporting the 
exercise cycle for our target organisations (cf. FEMA, 2021, p. 4). However, information collected in an LMS 
during an exercise can potentially reveal an organisation’s security flaws. The organisations that participated in 
the LMS exercises (as mentioned in the Introduction) simply reminded the participants that no classified 
information should be disclosed. 

The key concepts that will be discussed in this paper are not meant to pre-empt future discussions. As Kleiboer 
(1997, pp. 204f) concluded, “This brief review of classic and more recent literature suggests that there is no single, 

immutable set of principles and rules for designing an effective crisis simulation.” For a seminar-like table-top 
exercise, the same undoubtedly holds true. In this paper, the focus is narrowed down to table-top exercises 
facilitated by LMS; however, as will be shown, there are several design choices to play with when scheduling and 
designing exercises.  

Because a crisis management team (CMT) exercise is, in essence, a training session to promote collaboration, one 
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possible way to discuss LMS use in CMT exercises would be to rely on research on team performance where 
teams work virtually. “Compared to co-located teams or traditional face-to-face teams, […] virtual teams 
experience more challenging issues when working together. In particular, building trust among members” is a 

challenge discussed by Yu and Khazanchi (2019). The LMS use reported below is not meant to replace ordinary 
crisis tools, but rather to provide an overarching type of aid for the planning and evaluation processes, as well as 
for conducting the exercise.  

For similar reasons, we do not compare our discussion with the four important sociotechnical conditions 
highlighted by Olson and Olson (2000) in their seminal article “Distance matters” on digitally supported distance 

work. Specifically, these conditions are common ground, coupling of work, collaboration readiness and 
collaboration technology readiness. They are strikingly relevant to the work of rapidly assembled crisis 
management groups, even when these groups meet physically. However, Olson and Olson found that common 
ground and dis-coupling of work provided the optimal conditions for distance work, but the coupling of work as 
much as the other three conditions are precisely what CMT rooms are meant to create and what CMT exercises 
are meant to facilitate and nurture. Thus, their findings cannot be applied directly to the focus of this paper (albeit 
they are applicable to parts of it like the planning phase of joint exercises by two or several organisations). Olson 
and Olson discuss what “key characteristics of face-to-face interaction” different technologies support, and even 
if these are relevant to the topic of this study, the present paper will present a coarser analysis as it tries to capture 
the interdependence between a table-top exercise script and the scheduling of a modularised version of the 
exercise. Furthermore, Olson and Olson (2000, p. 159–160), like many others, refer to Clark and Brennan (1991; 
Clark 1996) for media features that contribute to creating common ground. Not all media forms are relevant today. 
We will attempt to connect interaction types to scheduling and evaluation, and a broader brush was found to be 
effective in painting the essential features and for the practical sketching of exercise cycles when they are formed 
and used.  

EMPIRICAL BASIS FOR THIS CONCEPTUAL STUDY 

As Elmasllari (2019, p. 1306) points out, there is a need for user testing of systems under realistic conditions. The 
trials conducted with LMSs were not developed just for the sake of having some professional safety coordinators 
or security managers act on our behalf; rather, they were exercises already in the plans of the professionals who 
acted as trainers during these events. Thus, the trainees were real trainees, and the trainers were real trainers. 
Although a trainer would normally prepare PowerPoint presentations and any concomitant Word or PDF files, in 
this study, a researcher ensured that the contents appeared in an LMS and demonstrated different possible layouts 
for the trainers. In some cases, the trainer gradually took over some of the LMS preparation. The exercises were 
realistic, but the setting up was an explorative wayfinding effort between researchers and trainers, which is why 
we referred to them as pilot exercises. From April 2018 to November 2021, nine pilot exercises were conducted: 
PE-1 through PE-9. In 2021, we observed videoconference exercises conducted by a company that utilised other 
kinds of digital support tools after initially testing an LMS in two videoconference exercises in December 2020 
(PE-7 and PE-8). 

In addition, two discussion seminar exercises, DE-1 and DE-2 in February 2020 and April 2021, were held, and 
they involved stakeholders and experts from different organisations (Bellström et al., 2020; Pettersson and 
Venemyr, 2021). Under the leadership of one or several trainers, participants discussed each other’s or common 

crisis plans regarding a scenario that was identified as relevant for a joint rehearsal. Thus, these discussion 
seminars were scenario driven and did not differ much from ordinary table-top seminar exercises. As the project 
involved crisis response coordinators from two nations, we used this opportunity to conduct joint discussion 
seminars and simultaneously used an LMS to structure the exercises. 

From the various examples practicing trainers brought to the designs of the LMS-supported exercises, a 4–6 
modular layout seems very common. With reference to Flin (1996) and Kleiboer (1997), Berlin and Carlström 
(2015, p. 51) point out that “The smaller the exercise, the easier it is to record details, capture important processes 
and draw nuanced conclusions that can be transferred to the exercising organisations’ daily practice” (our 

translation). The exercises conducted within the project contained four to six modules, each of which contained 
several injects – in other words, tasks that trainees must complete (see Table 1 for the prototypical structure used). 

The present study is a conceptual study. Therefore, we will not go into detail about the exercises, but a 
comprehensive summary of all exercises has not yet been published, so some basic data are provided in Table 2. 
Modules differed between different exercises but in general looked as shown in Table 1. 

Data collected included e-mails, meeting notes, LMS course pages (i.e., exercises), observation notes, interview 
notes and recordings, and data from the LMS, namely inputs from participants and time stamps. The participants 
were aware of the dual purpose of exercise and research and gave consent for data use, and when in a few instances 
they did not, their data were not used. The project received ethical approval from the university’s ethics board. 
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Table 1. A generalised exercise content structure with six modules 

Table 2. Data on LMS-supported exercises 
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THREE BASIC DICHOTOMIES AND TWO SUPPLEMENTARY FEATURES  

As discussed above, organisations face several obstacles to practicing crisis management as often as they wish, 
such as coordinating busy managers and the time-consuming process of exercise planning and follow-up. This 
section examines several features that can be used in the digitised design of table-top exercises. The 
implementation is discussed at the level of scheduling and provisions for inter-person interactivity.  

Synchronous and asynchronous refer to how “simultaneous” the practitioners need to be in the exercise, in other 
words, how contemporaneously they act, and in particular, how synchronously they practice. Thus, synchronous 
exercises entail the possibility of immediate interaction among participants. Berlin and Carlström (2011) discuss 
sequential collaboration (one group takes over after another), parallel collaboration (simultaneously but without 
actual collaboration), and synchronous collaboration (“members of each organisation do not focus only on their 
own tasks but are also looking for opportunities to assist others with their tasks”; p. 162f). Inter-organisational 
collaboration is the very aim of exercises, but to not mix up a description of real crisis handling with a table-top 
design, it must be recognised that asynchronous training allows for this, too, even if all aspects of the demands 
during real events cannot be trained and assessed in such a format. For the kind of CMT we are focusing on here, 
that is, not professional emergency responders but a crisis group that might have one security manager in the 
CMT, it should furthermore be recognised that various individuals have different needs to read up on crisis 
management plans or other materials. Gonzalez showed through several experiments (e.g., 2012) that “Slow is 

Fast” and “Less Workload Helps Adaptation”, which we take as indication that asynchronous collaborative 
exercises also have real value in the maturing processes for each participant. 

The concepts of continuity and discontinuity were introduced to deal with the scheduling of modules. The two 
concepts can mistakenly be assumed to be bound to synchronous and asynchronous formats, respectively. A 
seminar exercise, as well as a large field exercise, is often performed as a single coherent gathering. The steps in 
a seminar exercise are carried out without interruption (excluding breaks). Undeniable there are advantages to a 
focused morning for a seminar exercise, but as the interviews with safety coordinators reported by Magnusson et 
al. (2019b) indicate it is often difficult to find half a day during which everyone can participate. Stern (2014) 
laments the same problem. Therefore, it should be recognised that a synchronous exercise can alternatively be 
divided into shorter steps that are not carried out in an unbroken sequence, but instead at times when people can 
afford to leave their ordinary tasks. 

When asynchronous elements are mentioned below, it is assumed that they have timeframes within which the 
participants can (should) perform the activity. If the participants are to be able to relate to each other’s responses 

to injects, then asynchronous modules must be provided with a deadline for each task. That way, comments 
provided by each participant (facts, assessments, risk estimates, questions for more information, suggestions for 
measures to be taken) can be used in the next module. However, these frames are much wider than what each 
module is expected to take for a participant. Even if the timeframes are scheduled edge to edge, a sequence of 
asynchronous modules is discontinuous because no individual participant will work through them in an 
uninterrupted sequence.  

Finally, the distinction between co-located and distributed exercises is undoubtedly crucial. Natural co-location 
is normally not the case for managers with different functions (departments) in an organisation. Arranging seminar 
exercises is easier if the location is optional for each practitioner, i.e. the exercise is spatially “distributed”, which 

is the idea behind distance education. Just as for synchronous and asynchronous working methods, co-located and 
distributed working methods can be combined in the exercise as a whole. It is also conceivable that some 
participants may gather at one site, while others participate at a distance.  

Flexible, as in “a flexible format for exercise”, is best understood as a relative term that can be used when 
comparing two possible exercise approaches: one approach, the more flexible one, has a greater degree of 
asynchronous, discontinuous and distributed elements than the other. Distance education is surely meant to 
provide flexibility, but as should be clear from the arguments above, in crisis exercises, there are three different 
dichotomies at play when balancing the particular needs of an exercise in collaborative decision-making (in 
particular rapid decision-making) against the available times for the target people to participate. 

While the three dichotomies capture the essence of the variation in opportunities for flexibility, they need some 
supporting features to ensure that they materialise in exercises. The need for evaluation has been mentioned above. 
In general, evaluation is facilitated by written records of what took place during an exercise. Video recordings of 
a videoconference may help, but the time necessary to go through videos and make transcripts to ease scanning 
and to make quotations possible in a final report is daunting and fails to simplify the process. For an exercise 
based on the use of an LMS and asynchronous modules, written comments, uploaded pictures, etc., facilitate any 
after-action review, whether conducted immediately with the participants or later by a trainer as preparation for 
further exercises. It should also be noted that synchronous modules can be designed to leave written traces. For a 
team discussion of situational awareness, there should be some written notes on the mutually agreed-upon 
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understanding of the situation. However, an evaluator of the exercise may miss the very discussion leading up to 
whatever agreed-upon description has been reached by the CMT. With the permission of the professional trainers, 
in some exercises, we experimented with letting participants use text chats for synchronous discussions, and at 
least for smaller groups, this arrangement worked. The constraints are somewhat different from videoconferen-
cing, but neither is as unconstrained as physical meetings, as will be discussed below.  

The quantity of writing may thus vary, and although the response formats of writing and speech do not constitute 
a proper dichotomy even within a single module, they need to be considered when minimising the effort required 
to conduct and evaluate a specific exercise.  

Writing can be used in synchronous modules for (joint) notation even when it is not used for immediate 
interactions, so individual responses can be used not only in asynchronous modules but also in synchronous 
modules that alter between individual writing (or other formats) and joint discussion of the individual inputs. 
Thus, while an asynchronous mode entails individual responses, synchronous modes do not preclude individual 
responses (for joint discussions or for trainers to evaluate). This is somewhat different from breakout rooms, where 
subgroups carry out parallel activities before meeting as a whole CMT again. 

The following section details the planning process for such LMS-supported exercises and presents reflections on 
the exercises conducted in this study. 

THE KEY CONCEPTS IN USE

The intention of this section is to show that exercises do not have to be classified as “either/or” along the 

dichotomies introduced above. Rather, the implementation of the modules in Table 1 with respect to synchrony, 
continuity, and location should really be an open-minded undertaking, balancing the need for more exercises and 
easier evaluation with the need to practise the exact format of a CMT meeting room. 

One should not think that asynchronous elements are only suitable for self-study. Although it might seem as if 
participants must participate in an exercise concurrently to practice the typical CMT interplay – the fast interplay 
when all available data should be reviewed and action plans should be consulted and prescribed measures adapted 
to the situation – there are good reasons to calmly walk through alarm chains, staffing, possible sources of 
information, how these should be valued, and deliberations of who should do what if a certain manager is absent. 

In a learning platform, the exercise scenario can be given together with a request to leave comments: 

The head of security asks you to distribute roles to the participants from your departments (Human 
Resources, Communication, and Client Support). 

Briefly describe each role (including your own) in terms of the area of responsibility and possible 
tasks in the short and long term. 

Here, no demand for synchronous action is present. A new manager might spend more time on this task than 
others. Moreover, the task gives the trainer the chance to see who has submitted an answer and who may need a 
reminder the day before the exercise begins. 

Furthermore, the answers can be made visible to all participants. This allows participants to begin to understand 
each other’s role interpretations. This can serve as the basis for an initial discussion once the exercise begins, or 
as we would like to put it, when the synchronous part of the exercise begins. Thus, asynchronous parts are 
integrated into the framework of a collaboration exercise. 

In using the modular content structure outlined in Table 1, for Module 1, there is obviously the option to choose 
between asynchronous and synchronous layouts. Even for Module 2, one can decide on the need for simultaneous 
replies according to the participants’ opportunities or difficulties in participating simultaneously. However, for 
the sake of the demonstration, let us first imagine that Modules 2 and 3 can be implemented synchronously – 
perhaps because the organisation has a couple of days when its various departments will gather, and those who 
will participate in the exercise can therefore take the opportunity to run a session in the mornings before the joint 
activities start (this can contribute to good lunch discussions and thus increase engagement). The opportunity is 
thus used to simplify planning by scheduling the synchronous Modules 2 and 3 discontinuously. In Table 3, 
“Discont.” means that a participant does not have to participate in the next part immediately after participating in 
the current one (which is why Module 6’s continuity row is empty). Module 6 takes place a couple of days later, 

or maybe the week after, depending on how closely one can schedule Modules 4 and 5. The participants might 
gather again in person for the final evaluation, as they may be afraid that technology-mediated communication 
makes it more difficult to discuss any problems encountered during the previous modules. 

Asynchronous modules’ timeframes should span a bit more than the ordinary workday not to be down-prioritised 
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by a busy manager. Even if the module is meant to take just 15-20 minutes, include 30 minutes before the start of 
the work day or half an hour of the lunch break, one manager suggested in an interview after an exercise (PE-6). 
That exercise was completely text based and only partially synchronous. As videoconferencing has become 
standard in the wake of the COVID-19 pandemic, discontinuous synchronous exercises in which participants can 
discuss and interact on a virtual whiteboard are easy to arrange in a piecemeal manner. In contexts in which 
exercise participants work relatively close to each other, the modules can be run in a meeting room before lunch 
over the course of a few days. An interesting side effect of such an arrangement showed up in PE-2, where the 
participants in one of the municipalities joined other people during lunch and thus spurred interest in exercising 
crisis management strategies: “They also got kind of involved in the whole process and asked at a later break, 
‘Well, what have you done now in the exercise?’” (Interview after PE-2) 

Table 3. Example of a mixed structure 

Module 1 2 3 4 5 6 

Synchrony Async. Sync. + ind. Sync. Async. Async. Sync. + ind. 

Continuity Discont. Discont. Discont. Discont. Discont. — 

Location Distributed Co-located Co-located Distributed Distributed Co-located 

 

In the example in Table 3, the exercise management team planned both Modules 2 and 6 to begin with individual 
tasks (“+ ind.” on the synchrony row). The exercise participants enter their answers in the LMS, and then the 
discussions begin in real time when the exercise leader asks participants to develop their answers. Then, a general 
discussion can ensue. Several exercises showed that individual answers were perceived as something positive: 
they enabled reflection and learning at the individual level. This also reduced the risk of consensus emerging long 
before everyone had time to present their views. One experienced security manager and exercise leader expressed 
the benefit of preventing participants from seeing each other’s comments until after they left a comment: “It is 

good that the participants do not see what others are writing. If a manager writes first, the others will not write 
anything that deviates. There is evidence of what appears in each answer” (Trainer interviewed after PE-7 and 
PE-8; these 4-module distributed exercises were fully synchronous and continuous, but individual answers were 
required in two modules). 

In Module 3, where overall situational awareness is to be negotiated, there is no need for an individual start 
because individual inputs have already been made in Module 2. 

If there are no good opportunities to meet in person, the same exercise can have a more pronounced flexible 
approach, as shown in Table 4. In fact, several exercises were wholly distributed, including synchronous modules 
(PE-3, 4, 6, 7, 8, 9, DE-2). Before delving into this issue, one potentially nonobvious advantage of discontinuous 
exercises, whether asynchronous or synchronous, must be highlighted – namely, the ease of starting a module 
anew when an exercise does not go as planned.  

Organisational learning and retake during discontinuous exercises 

Sometimes, the actions taken during an exercise are far from optimal. At other times, it turns out that the role cast 
as given by the organisation’s crisis plan will not be effective in a real situation. Furthermore, the infrastructure 
might be unreliable. An example is provided here (from PE-4), showing that a discontinuous exercise approach 
can make an organisation acutely aware of these issues because the exercise can continue in parallel with normal 
activities. 

Example: The value of engaging in exercises in parallel with ordinary activities 

In an organisation based on membership, and therefore having an elected chairman and vice chairman as front 
figures, the vice chairman carried both the main responsibility for social activities and the role of crisis 
management leader, if there ever would be a need for such work. Had the exercise been carried out as a traditional 
seminar exercise where half a day was set aside and the relevant cooperating organisations and vice chairman sat 
around a table, no problems with the crisis plan would have been observed. In the exercise that was carried out 
based on one of the LMS systems used in this study, the scheduling was instead quite sparse, with sometimes half 
a day and sometimes several days between the modules. This made it possible for the exercise to be scheduled 
over a couple of weeks when the organisation had intensive member activities. During the exercise, it became 
clear that the person responsible for social activities could not simultaneously be responsible for the organisation’s 
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crisis management. This simple exercise led the organisation to revise its crisis plan. 

Thus, even if they are in stark contrast to the speed sometimes needed during a real crisis, slow-paced exercises 
are real in a sense that a dedicated session for a whole exercise cannot be. The combination of training and ordinary 
work in a discontinuous exercise reveals certain weak points more effectively than dedicated exercise time. 

Example: The value of conducting spatially distributed training exercises to test connectivity in different situations 

The exercise leader from another participating organisation had problems connecting to the internet during a 
synchronous module (cf. Module 3 in Table 1). This failure could possibly be held against distributed forms of 
CMT exercises. However, it constituted an important lesson for this organisation. Later, the COVID-19 pandemic 
showed how important it is for crisis management to be carried out remotely. This example also shows that 
discontinuous exercises can lead to more varied locations for participants (even for one and the same person) and 
thus to more occasions to (accidentally) test connectivity under real-life conditions. 

Example: The value of leeway for reconsideration and retake 

The problems mentioned in the previous example led to a partial retake: the synchronous Module 3 and the 
following asynchronous module, Module 4, which was planned for the same day, were implemented again a week 
later. The subsequent modules were also postponed for a week. All this was arranged with a few emails. Arguably, 
the loose scheduling made this possible, even though several of the participants were new to the training format 
and to crisis exercises in general. They were confident enough to simply accept the new times proposed by the 
trainer and by us. The importance of being able to correct mistakes during exercises has been emphasised in the 
literature: “In connection with studies of traditional exercises, it emerged [among other things] that employees 

were seldom given the opportunity to correct mistakes in one and the same exercise. Such opportunities could 
have contributed to learning” (Berlin and Carlström, 2015, p. 493, our translation). It is noteworthy that the slow-
paced overall design opens up opportunities for the “coached” exercises advocated by van Laere and Lindblom 
(2019, p. 43). 

Thus, in conclusion, not adhering to a continuous format made swift rescheduling possible. The original schedule 
was also quickly established.  

Speech or writing 

An LMS allows for a multitude of file formats to be uploaded, and participants can be asked to leave responses in 
the form of annotated maps, pictures of inspected gauges and places, etc. However, for a CMT to function swiftly 
and recognise that table-top exercises are a kind of workshop for in-depth discussions about routines and 
contextual factors, the linguistic part of communication is a determining factor for how an exercise is designed. 
Table 4 includes a row indicating the form of linguistic communication that takes place. Here, the choice is mainly 
between writing and speech. Speech in a spatially distributed exercise could also be sign language if the channel 
includes a video feed in addition to audio.  

Table 4. More flexible planning of the same exercise* 

Module 1 2 3 4 5 6 

Synchrony Async. Async. Sync. Async. Async. Sync. 

Continuity Discont. Discont. Discont. Discont. Discont. — 

Location Distributed Distributed Co-located Distributed Distributed Distributed 

Writing/Speech Writing Writing (see text) Writing Writing Both 

* Shaded cells are altered compared to the previous table. Three of the four changes make scheduling more flexible.

Written communication is always available for exercises with digital support from an LMS. This also applies to 
synchronous modules in which, through videoconferencing or co-location, speech is allowed to constitute the 
primary discussion medium. We have seen that in practice, videoconferencing unfortunately makes a discussion 
quite monologic, as only one person can speak at a time. This would not fit all types of discussions necessary for 
a CMT (or other intensive, co-located work; Olson and Olson, 2000, p. 146). From DE-1 with everyone present 
(co-located, synchronous), we noted the following: 
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“during the discussions within the two groups, it was noticeable that the discussion went back and forth 

between whole-group discussions and smaller parallel discussions between two or three members. Such 
spontaneous parallel discussions where everyone is still aware of every subdiscussion going on would 
be harder to conduct in a videoconference meeting, while not so difficult in a chat forum. With the corona 
pandemic and concomitant physical distancing, there is a need to investigate the dynamics of video 
discussion exercises.” (Pettersson and Venemyr, 2021, p. 3) 

For the same reason, one should also investigate synchronous digital writing surfaces or chats for real-time 
discussions when participants are not gathered. Our experience shows that the discussion boards found in learning 
platforms and blog platforms should be avoided, as they are too slow. Each participant’s screen should be updated 
immediately and automatically. In fact, even for asynchronous modules, we found that some participants became 
irritated when they posted a comment on a colleague’s post only to discover that other participants had already 
commented on it. For synchronous written discussions (chats), some participants voiced a wish to have an oral 
synchronous discussion before any chat-based module takes place. 

Carrying out synchronous discussions in writing also entails a great advantage when an evaluation is to take place. 
Documentation is very valuable both for the hot wash-up at the end of an exercise and for the exercise leaders’ 

compilation of an evaluation report after the exercise has ended. It also provides an opportunity for exercise 
participants to go through the exercise step by step afterwards to reflect on their own and others’ contributions to 

the management of the injects in the scenario. Since data have been obtained from research projects, participants’ 

views have not only been collected during the exercise itself, but also through interviews conducted after each 
exercise. A review of the exercise in the LMS, including the participants’ written contributions, was often used to 
support the interviewees’ memories. Some interviewees spontaneously expressed satisfaction with these moments 

of reflection.  

When other systems were used in the exercises, for example, when a municipality’s communicators reported in 
the national incident systems, the participants noted this in the comment field for each inject to which such a 
reporting belonged (especially used in the municipality exercises PE-2 and PE-5). Writing is not the only possible 
mode here; status reports created according to organisation-specific templates can be uploaded together with 
comments from the participants, which facilitates evaluation. It also facilitates inter-organisational learning when 
the safety coordinators from co-exercising organisations can see how the other organisation’s crisis management 
looks and works in practice. Nevertheless, ordinary written comments in the LMS constitute good evidence. The 
trainer of PE-4,6,9, all with only Module 3 synchronous but without speech, was asked in follow-up interviews to 
what extent the written documentation helped in assessing to what degree the goals of the exercises were met. The 
trainer expressed satisfaction with the records, e.g. after PE-4: “When you look at the comments, you can see they 
have been met. Impressive that AA, BB, and CC, who have not done this before, managed to get a grip of it so 
quickly.” Regarding an extensive discussion in Module 3 in PE-9: “This I regard as very good guidance. Here, 
one can see the course of events and how they are thinking in this group. This is very valuable.” 

DISCUSSION OF IMPLICATIONS FOR PRACTICE 

The structural sketches presented above do not take into account all the work that goes into the exercise process. 
In particular, mailing lists should be established, and people must be invited. The first time an invitation is made 
for a new information technology (IT) system, a user account needs to be set up, the user must be informed about 
privacy rights and the password must be changed. There are problems here, of course. If several e-mails are sent 
in advance, this can be annoying. In addition, some participants do not read the instruction e-mail until the exercise 
begins. The asynchronous start in Table 3 and Table 4 can therefore be combined with an “official” start in a 
videoconference; those who need guidance will appear, and problems associated with login and introductions to 
the system’s functions and presentation of the exercise goals and scenario can be quickly solved. One organisation 

we studied went from having a slimmed-down online version of its pre-pandemic exercise structure to scheduling 
all online exercises in two phases by having a one-hour meeting with a review of the crisis plan a few days before 
the scenario-based part of the exercise. During the first occasion, videoconferencing and any other systems are 
used to ensure that the participants will be able to use these systems during the following occasion, i.e., during the 
exercise itself.  

Thus, some degree of discontinuous design should almost always be considered for digitally supported table-top 
exercises. In our own experimentation, we used a module that opened before the exercise but within the exercise 
area in the LMS, where participants could write questions to the trainer and confirm participation. Confirmation 
may seem unnecessary since the systems still register each user’s activity; however, the purpose of confirmation 
is to determine, some days before the exercise begins, whether everyone is able to use the system’s comment 

function. 

The authors of MSB (2017), cited in the Related Work section, tacitly assumed a discontinuous and even 
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asynchronous (inter-organisational) design when introducing the idea of “distributed seminar exercises”. With 

chat and videoconferencing now omnipresent, the word distributed does not imply anything for the choice within 
the other dichotomies. Asynchronous implies discontinuous design here as we presupposed interaction between 
participants. However, the concept of discontinuous in itself implies a strict modularisation of the exercises that 
can be used in both asynchronous and synchronous exercises, which is why this concept should be valued on its 
own by trainers designing exercises. For example, it must be possible to start a module without too much rehearsal 
of previous modules. On the other hand, explicit instructions can direct participants to relevant points in previous 
modules important for real crisis management and this can potentially increase the interest in self-evaluation 
activities, similar to what we saw in the interviews conducted as a retrospective review of the LMS.  

It is true that for several of the exercises pursued discontinuously, some participants mentioned that they missed 
the pulse-raising feeling of fast-paced exercises. However, pulse-raising should not be sought at the expense of 
exercising at all. After PE-2, which was a synchronous exercise pursued discontinuously by the communication 
functions of two municipalities, the trainer wanted to launch a similar but continuous exercise with two other 
municipalities, but eventually gave up after a few months, as the two organisations could not agree on a time. 
Instead, yet another municipality within the trainer’s geographical area of safety coordination agreed to participate 
in the exercise with its four of communication staff, who had their offices close to each other (PE-5). This failure 
to set a date for two organisations willing to collaborate highlights again that scheduling exercises constitutes a 
problem and that the desire to practice “realistically” really constitutes a show-stopper. We could almost add PE-
9 to the list of unrealised exercises. It was delayed by 1.5 years, but it was finally realised with only a couple of 
weeks’ notice. This illustrates, once again, the agility and versatility of our approach, especially considering the 
COVID-19 pandemic interlude, which was the direct (and repeated) reason for delay. 

It should also be noted that the planning process, including the building up of the exercise material in an LMS, 
has worked discontinuously (but steadily, of course), both asynchronously and synchronously, distributed but 
sometimes co-located, and both in writing and over the phone and later in videoconferencing. One might speculate 
that involving some of the target participants in the planning process may make the group of trainees more open 
to pedestrian pace. In fact, planning an exercise and thinking through possible events and responses constitute a 
discussion seminar in slow-motion; for example, a crisis trainer interviewed by Wik et al. (2017) expressed that 
much is learned in planning an exercise.  

The usefulness of comments and discussions in writing for post-exercise evaluations is highlighted in the last 
section. It is also interesting to see to what extent our trainers were able to reuse their LMS materials: much of the 
PE-2 structure was reused in PE-5; PE-1 was almost entirely repeated in PE-3 and expanded slightly in PE-4 and 
PE-6, which inspired new types of injects in DE-2 and PE-9. Synchronous PE-7 and PE-8 ran during consecutive 
days, but planning was facilitated by setting them up in parallel. The project has left a deliverable in the form of 
an incipient repository of recyclable crisis management exercises (in preparation for publication by colleagues of 
the author).  

Limitations of this study 

The trainers have not set up exercises themselves in the LMSs, even if such systems provide easy access for 
trainees. To design for attractive flexibility and simultaneously experience the benefit of reusing material and 
designing for good data harvest would require some familiarity with an LMS. However, building on exemplary 
exercise designs should not be difficult, and practice also makes perfect for trainers.  

CONCLUSIONS AND FUTURE DIRECTIONS FOR RESEARCH 

Resource-constrained practitioners in the field have reported problems in finding cost-efficient ways to maintain 
exercise cycles. Our analysis shows that traditional ways of conducting table-top exercises make even this 
simplified training format susceptible to bottlenecks. As an alternative, this paper showed that certain key concepts 
for flexible design can be utilised if one relies on such an everyday tool as an LMS for collaborative exercises.  

The concepts presented are not radically novel, but this presentation strived to highlight, using examples from 
exercises planned and then conducted, their relevance for effective exercise cycle management. Flexibility was 
dissolved into quite, if not fully, independent concepts of synchrony, continuity, and location. Modularisation of 
exercises was used to apply different scheduling schemes playing on these concepts, but without dropping the 
quest for easy-to-evaluate exercises. For individual exercises there is a balance to strike between writing 
(convenient in the evaluation phase) and speech (convenient for the trainees), as well as between individual 
responses and discussions, even if neither pair really consists of mutually exclusive alternatives. Trainers find it 
useful to have inspect-able traces of discussions and individual thoughts. There is definitive evidence that 
retrospective visits to the LMS are appreciated by the trainees. In addition, trainers may be able to find flexible 
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ways to invite key actors to the planning phase for more engagement in crisis preparedness. 

While the Discussion section hints at many practical ways to make use of a category of systems which is already 
well disseminated, available via web browsers, and easily used in conjunction with videoconferencing, there are 
several themes that can be better illuminated by research. Gonzalez (2012) was referred to earlier as supporting 
having introductory exercises at a slow pace. The present study indicates the need for more such studies, preferably 
related to the organisational ability to implement long-term exercise plans. Moreover, this study contributed 
examples that “realistic” cannot always mean a CMT booked off for half a day in solitude with only pre-planned 
injects from the outside. Furthermore, bearing in mind the demonstrated versatility of settling dates for exercises 
if these are allowed to be digested piecemeal, it would be extremely interesting to see to what extent the problem 
of single-event thinking could be mitigated by “luring” managers and other trainees into an asynchronous planning 
phase, that is, having them participate discontinuously without questioning their belief that real crisis exercises 
should always be pulse-raising. In addition, learning effects of such planning cycles would be interesting to 
measure, possibly using frameworks such as Computer Supported Reflective Learning (CSRL; Krogstie et al., 
2013) with due adaptation for planning phase reflection, reflection in exercise and in hot wash-up, and post-
exercise. 
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ABSTRACT 

Social media analytics provide a generalized picture of situational awareness from the conversations happening 
among communities present in social media channels that are that are, or risk being affected by crises. The 
generalized nature of results from these analytics leaves underrepresented communities in the background. When 
considering social media analytics, concerns, sentiment, and needs are perceived as homogenous. However, 
offline, the community is diverse, often segmented by age group, occupation, or language, to name a few. Through 
our analysis of interviews from professionals using social media as a source of information in public service 
organizations, we argue that practitioners might not be perceiving this segmentation from the social media 
conversation. In addition, practitioners who are aware of this limitation, agree that there is room for improvement 
and resort to alternative mechanisms to understand, reach, and provide services to these communities in need. 
Thus, we analyze current perceptions and activities around segmentation and provide suggestions that could 
inform the design of social media analytics tools that support inclusive public services for all, including persons 
with disabilities and from other disadvantaged groups.   

Keywords 

Inclusive Social Media Listening, Universal Design, Community Segmentation, Improvisation Strategies, Social 
Media Alignment 

INTRODUCTION 

Social media is a powerful resource for crisis management (Reuter, Hughes, and Kaufhold, 2018). More than a 
communication tool to amplify messages and reach the population online, social media holds ongoing 
conversations that could provide a picture of what might be going on in areas affected by crises (Zade et al., 2018), 
maintain a two-way conversation with the affected communities (Hughes and Palen, 2012; Pogrebnyakov and 
Maldonado, 2018), respond to requests for help (Ehnis and Bunker, 2020; Petersen, Fallou, Reilly, and Serafinelli, 
2017), and early warning of events (Avvenuti, Cresci, La Polla, Meletti, and Tesconi, 2017; Pekar, Binner, Najafi, 
Hale, and Schmidt, 2020; Sun and Scanlon, 2019). Social media data can provide insightful information about an 
area of interest if it is extracted, classified, and analyzed well. One of the advantages of social media insights is 
the ability to be accessed remotely which could reduce the need for resources present in the location of the crisis, 
which makes social media a particularly attractive source of information in the management of crises.  

Social media channels house the constant production of narratives and opinions about the perception of the world 
as experienced both online and offline (Cohen, 2020; Jurgenson, 2012). In general, high production of content 
indicates high connectivity, high density of population, and wealth (Burns, 2015; Wang and Ye, 2018). Therefore, 
low-resource areas are often ignored, and social inequalities are exacerbated (Burns, 2015; Semaan and Mark, 
2011; Soden and Palen, 2018). Similarly, research mostly focuses on case studies from geographical areas with 
resources for research and development such as North America, Australia, and Europe (Reuter et al., 2018). 
Furthermore, in crisis situations often those “who scream the loudest”, or in this case, those who post more 

frequently on social media, are not usually the ones that need help the most (Karanasios, Cooper, Balcell, and 
Hayes, 2019). In addition, language becomes a barrier because conversations is social media occur in the primary 
language (or languages) spoken by the majority of a given population, the language in the social media channels 
(usually English) and other languages and linguistic variations in the social media content in the form of slang, 
modified grammar, emoji, and mixing languages that reflect diverse levels of knowledge and style in an official 

1012



Herrera & Gjøsæter Community Segmentation and Inclusive SM Listening 

CoRe Paper –Usability and Universal Design of ICT for Emergency Management 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

language for reasons of immigration or socio-economic position (Caragea, Squicciarini, Stehle, Neppalli, and 
Tapia, 2014; Phengsuwan et al., 2021). These different uses of language in social media constitute both a challenge 
for those who work in obtaining insights from social media and a disability of those communities needed to be 
heard. 

In crisis response, the needs of vulnerable populations are different from the needs of the general population 
(International Federation of Red Cross and Red Crescent Societies, 2020), and should be addressed differently 
(Karanasios et al., 2019; Luna and Pennock, 2018). The Sustainable Development Goals (SDGs), the Paris 
Agreement, and the Sendai Framework for Disaster Risk Reduction 2015–2030, indicate that vulnerable 
populations should be included in disaster risk management strategies and actions in order to foster resilient 
communities (UNDRR, 2015). According to the IFRC’s World Disasters Report, despite the increased disaster 

risk and financial support towards managing and recovering from disasters, reaching the most at-risk populations 
continues to be a challenge, mainly for people affected by conflict, migrants and displaced people, and urban poor 
and marginalized communities “whose capacity to manage shocks is already strained” and have different 

challenges to access services and assistance (International Federation of Red Cross and Red Crescent Societies, 
2020). This inflow of financial resources and the disparities in access to services is especially evident throughout 
the response and management of the current pandemic situation.  

We notice that social media analytics tools that are used to support social media listening might not completely 
respond to the information requirements and need of focus in community segmentation of public service 
organizations in times of crises (Hiltz et al., 2020). Social media analytics tools tend to present generalized insights 
of reach, sentiment, topics of conversation, and volume. Moreover, organizational, and environmental barriers 
including knowledge and experience of those executing work with social media also influence the quality of the 
insights gathered from social media channels (Reuter, Kaufhold, Spahr, Spielhofer, and Hahne, 2020; Stieglitz, 
Mirbabaie, Fromm, and Melzer, 2018).  

Our study illustrates the challenge to integrate different audiences into the analysis of social media conversations 
through an exploratory analysis of interviews from professionals in the public service organizations and software 
developers. Our findings indicate that the use of social media analytics has limitations that prevent public service 
organizations from reaching various sectors of a community. Therefore, alternative strategies converging other 
sources of information are implemented with the aim to target other segments of the population including those 
more vulnerable. These strategies suggest the convergence of offline (physical) and online forums (Hughes and 
Tapia, 2015; Karanasios et al., 2019). Some strategies include offline presence through community liaisons or 
“information brokers” (Hughes and Palen, 2012) while others focus on knowing the intrinsic characteristics of the 
segment of the population in question and craft a social media strategy specifically directed towards that segment. 
Furthermore, our findings suggest that organizations that dedicate time in preparing for a crisis by strategizing, 
testing, and exercising approaches to extract insights from social media could be more aligned to the overall crisis 
management strategy (Herrera, Majchrzak, and Thapa, 2021b). By doing so the process of handling data from 
social media becomes more analog/manual than the ideal automated system that reaches conclusions with minimal 
human intervention (Hiltz et al., 2020).  

Thus, with our analysis we attempt to answer the following research questions: 

How are crisis management strategies in public service organizations responding to the need to focus 
on segmented sectors of the population? And how are social media analytics tools including perspectives 
from different segments of the community, including people with disabilities and other vulnerable 
populations while supporting crisis management? 

The rest of the paper is structured as follows: section 2 provides an overview of social media listening and 
addresses the importance of segmentation from a vulnerability perspective. Section 3 describes the methodology 
of the study. Sections 4 and 5 present and analyze our findings while section 6 concludes.  

BACKGROUND 

Mechanics of Social Media Listening 

The characteristics of big data, namely, veracity, velocity, variety and volatility (Castillo, 2016) make the 
aggregation and analysis of social media data a challenge in terms of speed and accuracy. Numerous methods of 
artificial intelligence and more specifically machine learning have been used to solve these challenges in 
processing data (Imran, Castillo, Diaz, and Vieweg, 2015) and extract relevant and actionable information 
(Kaufhold, Bayer, and Reuter, 2020; Zade et al., 2018).When attempting to address these issues, research 
considers communities as homogeneous, thus designing solutions for aggregation and generalization (Reuter and 
Spielhofer, 2017). Therefore, technology tools that support the extraction and analysis of publicly available 
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information provide a generalized and aggregated picture of a situation (Blanford et al., 2014), including overall 
sentiment and topics of conversation (Lu et al., 2015; Power and Kibell, 2017) and actionable nuggets of 
information (Zade et al., 2018). Methods and tools continue to be developed and implemented for specific use 
cases and tailored to unique users as opposed to unique communities (Imran, Castillo, Lucas, Meier, and Vieweg, 
2014; Pezanowski, MacEachren, Savelyev, and Robinson, 2018; Power, Robinson, Wise, and Cameron, 2013) 
and while most solutions and research is based on English language datasets, there is increased interest for 
multilanguage solutions (Bügel and Zielinski, 2013; Doan, Vo, and Collier, 2011; Mozetič, Grčar, and Smailović, 

2016; Tarasconi, Farina, Mazzei, and Bosca, 2017; Zielinski, 2013).  

The process of looking for and analyzing big data from social media is often described as intelligence, 
surveillance, listening, or monitoring that in essence refers to the extraction, classification, analysis, and use of 
social media analytics. In this article, like practice, we use the terms interchangeably. While social media as an 
information source is deemed more useful during the first 48 hours of an incident (Tapia and Moore, 2014), crises 
are not static but dynamic, changing through time (Conrado, Neville, Woodworth, and O’Riordan, 2016) and 
present in the crisis management life cycle namely: preparedness, response, recovery, mitigation, and prevention 
(Blanford et al., 2014; Chakraborty and Banerjee, 2013; Gu et al., 2014). For example, context, magnitude, and 
scope of the crisis constitutes the first information requirements after an incident occurs, followed by needs of 
affected population and availability of goods and services (Dynes, 1994). Then involvement of other stakeholders 
in the response is included to facilitate coordination of efforts (Mojtahedi and Oo, 2017). Thus, to respond to the 
need for information, trusted and familiar sources of information are deemed sufficient to fulfill crisis management 
objectives and “get the job done” (Tapia and Moore, 2014). Hence, social media in practice is not the sole source 
that informs actions in crisis management (Herrera, Majchrzak, and Thapa, 2021a).  

Considering Community Segmentation form a Vulnerability Perspective 

Communities in need are defined as vulnerable populations, characterized by limited resources and increased risk 
for morbidity (Flaskerud and Winslow, 1998). These populations have specific characteristics such as gender, 
age, ethnicity, proximity to services, health status or disability (Mannan, MacLachlan, McVeigh, and Consortium, 
2012) that make them prone to exclusion from social and financial services, unable to self-sustain and, thus 
requiring assistance, particularly during crises . Determining what is a vulnerable community and to what degree 
is a group vulnerable has traditionally focused on socioeconomic status and demographic characteristics 
(Flanagan, Gregory, Hallisey, Heitgerd, and Lewis, 2011) that tend towards generalizations. More recently, an 
intersectional perspective to further explore differences in vulnerabilities based on lived experiences and identities 
of the above-mentioned segments (Kuran et al., 2020; Paupini and Gjøsæter, 2021). International organizations 
such as the World Bank, the Red Cross and the United Nations have highlighted the importance of prioritizing 
risk and crisis management strategies for the most vulnerable as a path to foster resilience and build back better 
and stronger communities after a crisis. 

In social media, communities exhibit different patterns of usage that can be classified as convergence and 
functional behaviors (Petersen et al., 2018; Subba and Bui, 2017), degree of activity (Bruns and Stieglitz, 2012), 
emotional proximity to an event (Huang et al., 2015; Meesters, van Beek, and Van de Walle, 2016) and type of 
eyewitness (Zahra, Imran, and Ostermann, 2020). Moreover, segmentation in social media goes beyond personal 
interests or trends (Mirbabaie, Ehnis, Stieglitz, and Bunker, 2014), socioeconomical factors together with 
geographical features such as rural or urban location are key when selecting social media channels and their 
content (Dargin, Fan, and Mostafavi, 2021). Lower socioeconomic and minority backgrounds lean towards 
collective intelligence from peers rather than authorities or news outlets (Dargin et al., 2021). However, as 
research advances on identifying and describing users and behaviors in social media, there is a latent need to 
account for diversity and prioritize vulnerable populations when relying on humans-as-sensors to inform crisis 
management (Samuels and Taylor, 2020).  

METHODOLOGY 

We conducted 13 semi-structured interviews with professionals who either work with social media in 
organizations offering public services such as the police, emergency management agencies, and local governments 
or are designers or developers of software tools that provide monitoring services using information publicly 
available including social media analytics. We did not focus on one geographic location, because, while crisis 
management is extremely context dependent, the tools used to extract information from social media are quite 
general and the needs for information to counterbalance uncertainty is a general attribute of crisis management 
strategies globally. Thus, countries represented in our sample are Norway, Italy, Spain, Netherlands, United 
States, Nepal, Australia, and United Kingdom. To protect our informants’ identities, details of their place of work 

and location will be kept confidential and an identifier in the format of R# (short for respondent number) was 
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assigned. Table 1 brings an overview of our participants. Note that some participants fall into one or more 
categories, for example, some emergency management organizations can also be characterized as communications 
departments.  

Table 1. Participant distribution according to attributes. 

Software developers and designers 3 

Emergency management (including police) 5 

Communication departments  6 

Service oriented social media listening 2 

City or municipal level organizations 6 

Managerial roles  7 

Analyst roles  3 

Total participants 13 

Note: some participants fall into one or more categories of classification.  
 

Each interview had a duration of between 60 to 90 minutes. Our questions included processes of extraction and 
analysis using social media as a source of information and the reasoning or objective behind social media use. We 
also asked the history of implementation of social media analytics and if they were not using social media, 
participants were asked about alternative information sources. In these conversations, the topic of reaching 
different sectors of the population, as well as their different needs and degrees of vulnerability emerged from the 
participants’ reflections. Research has suggested the topic of vulnerable populations and social media analytics as 

a research avenue (Herrera, 2021; Reuter et al., 2018; Zahra et al., 2020), analyzing the ways practitioners manage 
to hear the concerns of different segments of the population was a logical next step.  

The interviews were recorded and transcribed. The transcripts, about 14 to 20 pages long, were uploaded to the 
NVivo software for analysis. We followed an inductive approach to coding by reiterative rounds. Initially, every 
transcript was first read to get a sense of possible topics for coding. Then, each transcript was reviewed one-by-
one and coded as topics emerged. After that, similar codes were grouped into more general categories. The 
findings on audience segmentation and processes to obtain insights from social media were a clear pattern 
throughout the interviews. Therefore, the research team focused on these topics to extract and construct a narrative 
of our findings that will be presented in the following sections.  

FINDINGS 

“Audience segmentation is something that we're trying to get a little bit better at” (R1)  

Our findings reveal that crisis management strategies in social media are including often overlooked sectors of 
the population present on social media such as the young or multilingual communities. However, among our 
participants, there is a generalized awareness about the road ahead for improvement and the potential for social 
media to contribute to strengthening the work to reach and understand diverse sectors of the population. This 
section presents our findings about strategies and processes used by public service organizations located in 
different parts of the world. The findings are aggregated by themes and examples found in our data. Moreover, 
our findings hint at different levels of specialization that motivate our discussion in the next section.  

Background Work 

Taking a service design perspective, any user who is monitoring publicly available sources, such as public service 
organizations, is interested in a consolidated analysis of the “extremely overwhelming raw data” (R4). 

Understanding takes time and resources which availability should not be conditioned only to the occurrence of 
crises. According to R4, the amount of time spent beforehand contributes to improving results of social media 
analytics tools. Moreover, R4 highlights the importance of strategizing, testing, and training when using social 
media analytics to prepare for potential crises. Thus, the time dedicated to preparedness and readiness tasks 
contribute to the awareness on how social media insights contribute to the fulfillment of information requirements 
that in turn contribute to crisis management operations (R4). Therefore, familiarity with the role of information in 
the organization, strategies to extract and analyze social media data using the tools at hand, and the immediacy in 
which these insights are required are essential for users of social media analytics. Without this background work, 
results from social media analytics, even the basic ones embedded in social media channels, such as Twitter 
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analytics or Facebook and Instagram Insights, provide a generalized overview on how social media users interact 
with a specific social media profile, topic, or hashtag. This provides a biased understanding of a situation focused 
exclusively on the followers of a specific profile or topic on a specific social media channel. Therefore, partial 
understanding is achieved, excluding sectors of the community that are not interested or are unaware of the 
presence of public service organizations in social media.  

Moreover, even when processes of social media listening are partially automated, understanding requires human 
work which makes the difference in different social media activities across organizations “There's no magic tool. 

Most of [our work] is human analysis, […] I think that's where [our processes] are unique because [our 

organization] has invested in the resources […] it also makes it difficult to duplicate because it requires actual 
manpower” (R8). Up to this point, understanding is related to the adoption and operationalization of activities of 

social media listening.  

When social media analytics are seen as a service that contributes to crisis management in an organization, 
background work is proactively carried out to identify the role of social media insights in internal work processes 
and the context around demographics participating in the social media conversation. However, when social media 
work is an isolated component which analytics only consider information published in the organization’s own 

social media accounts, background work (if any) might be conducted reactively. “Social media is seen as a way 

of having a little bit more control over your audience and reach of who you are, at least knowing who you are 
reaching and where you're not reaching” (R7). Signals of isolation include: formulating strategies based solely on 
findings from basic analytics from the social media channels where public service organizations have a presence; 
and lack of awareness of the impact from the insights reported to decision makers. For example, a public service 
organization with a team for social media, did not consider their resources to be sufficient to maintain many social 
media profiles, so most of their insights are derived from questions sent through messenger and comments from 
posts, and reports are only done once a month with no distinction between crisis management and non-crisis (R2).  

An opposite view is seen when a fully integrated business analytics team combine their knowledge and experience 
with social media analytics within the organization, scientific research, and known best practices to respond to 
specific requests for information. During the COVID-19 Vaccine rollout in 2021, a topic of concern for public 
services was vaccine hesitance. R1’s team initially relied on previously documented experiences, academic 
research, and historical public health data about vaccine hesitancy locally and internationally. Moreover, based 
on previous team interactions with relevant stakeholders, they make an assessment about how those experiences 
could inform the rollout of vaccines as a crisis mitigation measure. Then, this analysis is integrated to find out 
how social media data can contribute to informing the problem at hand. “For example, we tend to create a 

brainstorming neural board, mapping out stakeholder need, current user research, analogous research, best practice 
research, bringing all of that research together. Then we distill insights from that research and come up with some 
questions to guide the project […] to define the purpose of the project itself” (R1). This example however was 

targeted to a general sentiment of vaccine hesitancy as opposed to a specific sector of the population.  

From Broad to Segmented  

From our interviews, we found that social media insights are mostly used to get a quick overview of the situation 
at hand. In terms of reporting and resource management, social media listening is carried with the awareness that 
“We have to play a balancing act and acknowledge that we can't cover everything. And we're not going to get into 
super granular detail about everything” (R8). However, the need for segmentation is latent. Our findings reveal 
that the first step in working with segmentation is to understand that priorities differ from different segments of 
the community and then to align social media listening to those priorities or needs. Nevertheless, within the 
organizations we interviewed it is unclear if social media is trusted enough to provide insights on vulnerable 
populations or if there is an awareness about the possibility for such insights originating from social media. We 
found that traditional community outreach is one of the most common strategies used to reach vulnerable 
populations. The strategy is usually carried out face-to-face in public forums such as faith based organizations or 
community centers, the community outreach is usually performed through designated representatives from the 
public service organization that work to identify and establish a relationship with determined community groups 
such as immigrants, youth groups, businesses, students, or faith groups.  

This outreach is mostly performed offline and maintained as a mutually beneficial relationship where the 
community’s concerns are heard, and information is exchanged. Thus, public service organizations increase their 
visibility and potential compliance on matters of safety, security, and public health such as COVID 19 lockdown 
mandates or public gathering restrictions after reopening attempts. For example, when reaching school students, 
a colleague of R7 works as a community liaison or “information broker” acting as the bridge between the youth 
and the public service organization, not only to amplify health and safety messages related to end of academic 
year celebrations during a pandemic, but also informally observe the social media conversation where the students 
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are present (in this case SnapChat or Instagram). In this example, the informal presence of “information brokers” 

in social media channels used by young people serves as an amplifier between social media channels, in this case, 
official information on Facebook is informally and seemly unofficially transferred to SnapChat. In addition, the 
information broker monitors the conversation on SnapChat and reports the concerns and reactions of the youth to 
the organization. R7 pointed out that a similar approach is used with immigrant communities. These online-offline 
relationships indirectly enhance the use of social media for vulnerable populations in crisis management.  

Between Systematic Listening and Improvising  

Most informants use social media because it is a mechanism “to be present where the people are” (R9 and R13) 

and this is a common practice when social media is used as a tool to establish presence. For example, during the 
core of the lockdowns in the pandemic, some of the informants reported opening social media profiles (official 
and personal accounts) in emerging channels such as TikTok to increase reach to their communities. This was 
done from a communications and content production perspective. However, other informants take the meaning of 
presence in social media from a different perspective where monitoring social media is compared to the police 
patrolling the streets, where the starting point for addressing the community is listening, as opposed to information 
sharing.  

This listening presence strategy affords organizations the possibility to obtain similar insights as those provided 
by social media analytics or information brokers. When asked about the origins of this strategy R13 explained the 
requirement to be present online was the main driver to establish their team: “[We] saw the value of being present 

where the youth are because at that time, we were trying to be present at schools, at clubs but we weren't present 
on the Internet, and the Internet was emerging, and it was becoming a bigger part of [the youth’s] daily life. […] 

we must be where the people are and right now the people are on the Internet” (R13). R13’s team is present not 

only to monitor but also to answer questions that citizens or residents ask through social media channels and social 
media messaging apps such as Facebook Messenger and WhatsApp.  

Among our interviewees, uncertainty, the need for information during a crisis, and the possibility of cascading 
events are the main motivation to improvise with social media to establish presence. While the previous example 
had a systematic approach for the adoption of a social media monitoring team, we found that other approaches 
involve improvising by taking advantage of network contacts or tools at hand or skipping the chain of command 
amid crisis response operations.  

On the immediate aftermath of a major disaster, an ad-hoc social media team is trained and set up on the spot, 
when a high-ranking leader sees the value of presence in social media and skips the chain of command to ask for 
authorization. This is a process that otherwise would have been lengthy and bureaucratic (R9). By taking this risk, 
quick situational awareness was achieved, and the community started to trust and interact with the organization. 
A mutually beneficial relationship was facilitated through social media. In this case, monitoring of social media 
was manual and focused only on the profiles of the organization and, to some degree, followed trending topics on 
Twitter. The manual nature of the use of social media facilitated the identification of needs that the ad-hoc team 
proactively reported and directed to the indicated channels. For example, when the team found a need for 
psychological support, the need was both reported through formal (an incident report system) and informal 
channels (direct contact with health organizations through other means of communication such as radio or phone) 
to make health professionals aware of the need and the urgency (R9). In addition, while official psychological 
help was being set up, alternative solutions were considered, such as musical programs targeted for people in 
distress (R9). On a more targeted level, conversations on social media showed that when relief resources were 
given to survivors, they did not have food for infants and small children and lacked supplies for women-specific 
needs (R9). Then these needs were communicated both on informal and formal channels to address them. Then it 
became evident that relief resources were designed with adult males in mind. This improvisation example was 
successful because of the access this ad-hoc group had to resources and contacts in other operational areas, the 
robust communications system in place before social media, and the quick relationship of trust forged between 
the public service organization and the community in need. However, this initiative did not count with the support 
and resources from decisionmakers for its continuity after the crisis. Today, this social media program is reduced 
to official content posting.  

Communities in social media are not static, they are active in diverse social media channels and gravitate towards 
more segmented or intimate group settings that suit their interests and allow some privacy such as social media 
messaging apps. This poses a challenge to understanding the community and calls for a revision of the strategies 
in place to handle publicly available information. For example, before the pandemic, R3 was able to spot and 
monitor protests through social media, usually protests were easily spotted through events announcements in 
public interest groups profiles or by monitoring trending topics in major social media channels. However, during 
the pandemic, violent protests emerged as cascading events and, in her location, the general protocol to inform 
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the occurrence of a protest changed, demanding additional work on the protest organizers. When R3 tried to follow 
her usual routine, she realized that protest organizers and potential supporters no longer wanted to be associated 
with orchestrating a protest. This change called for improvised strategies: So “[protest organizers] have now 

moved away. So, no one is posting on Facebook or Facebook events that they're attending, [the information] is all 
gone to Parlor… Telegram… and there are some others as well. And the problem is that we have a lot of legislation 
around data protection. I can't go and join these groups and pretend to be someone I'm not, because I can't get the 
data that way […] we need to see what's on Parlor. But because we don't have a legal requirement to do that, we're 
just basically being nosy” (R3). For R3’s community of protesters, it wasn’t enough to move to other channels, 
they also modified strategies in traditional social media channels like Facebook and Twitter. For example, “we're 

relying on things being on Twitter but now, people are starting to share the protests and then delete the original 
source within an hour because no one wants to be the organizer. […] I mean, it's quite clever how they're doing it 
[…]and then there's WhatsApp groups, and Telegram where people are getting this information, but I don't know 
how to find it. I don't know how to join them.” (R3).  

Thus, informal listening emerges as an interim solution to the increasing uncertainty. In R3’s case, personal 

contacts using their private profiles identify information that could be of interest for the public service organization 
and informally report it. “[My contacts] will send me stuff that I then send to the police for Intel scanning and fact 
checking. So, anything that gets flagged to us, we usually flag it to the police as well” (R3). Improvisation 
approaches have been studied in the past with different configurations by answering requests for help without 
verification as help lines are overwhelmed (Chatfield, Scholl, and Brajawidagda, 2014; Ehnis and Bunker, 2020), 
to encourage a two-way conversation and trust during a disaster (Subba and Bui, 2017), or for the incorporation 
of external organizations, including volunteers into internal processes (Fathi, Thom, Koch, Ertl, and Fiedrich, 
2019; Petersen et al., 2018).  

Formalizing and Institutionalizing 

Apart from improvisation to reduce uncertainty, we found that social media activities are institutionalized as part 
of a crisis management strategy. For example, increasing capacity through additional resources such as hiring. In 
reaching young audiences, the gaming community is essential, thus, “we have just hired someone that is quite 
good at gaming so he will be having a bigger task in that community trying to reach the younger gamers and being 
more available on forums such as Discord and Twitch” (R13). On the language side, the need for segmented 
listening was evident and exacerbated after a disaster impacted various Spanish-speaking communities in a mostly 
English-speaking country, “we obviously realized that we needed people who could do social media listening in 
Spanish. […] we recruited specifically for someone who could understand the overall online Spanish speaking 
community, how conversations are different online for Spanish speakers versus English speakers, for example, 
do they use Facebook more than Twitter? Do they comment more on news stories, rather than have conversations 
on group pages? having that understanding was really important to us” (R8). The need for connection with this 
segment of the population was driven by the difficulty to get awareness and provide a service to the affected 
community through social media because of a language barrier. Furthermore, the task of understanding segments 
of the population is mostly done during non-crisis periods in organizations, where teams are tasked with projects 
specifically targeted to a sector. “That requires a lot more desktop research. And so, we try to do that. […] right 

now, we have a department interested in Aboriginal people in our location. So, we are understanding online 
community sentiment towards that campaign” (R1). 

Contrary to the previous examples, translations of content and multimedia were mentioned by some of our 
participants as a popular one-way communication strategy to address multilingual communities. However, for this 
strategy to succeed, the receiver of the information needs to have the intention to find this information that 
sometimes is not searchable due to a difficult website navigation or lack of knowledge of the local language. In 
this sense, website usage analytics becomes a source of insights that provide profiles, statistics, and heatmaps 
useful for insights on current topics of interest about the type of content that people will look for in public service 
organization’s profiles and websites. “Well, the city has its webpages and we put out news stories on that. And 
those get seen by some people who happen to be on our web pages. Visitors to our pages can't really subscribe to 
the news stories, except if they did some RSS feed, which nobody knows about” (R7). Therefore, the best hope 

for reach is that content from those websites grabs the attention of traditional media, but this is also a one-way 
communication strategy.  

However, the work towards identifying and monitoring segments of the community is not limited to 
improvisation, additional resources, or website traffic monitoring. In our interviews, manual approaches were 
often quoted as a necessity to trust social media and reach better insights and information. Some public service 
organizations reported abstaining from using advanced monitoring tools because they are perceived as lacking 
human characteristics such as closeness, attention, and compassion. Manual strategies are implemented to reach 
segments of the population that analytics applications cannot perform automatically. For example, R8 gives more 

1018



Herrera & Gjøsæter Community Segmentation and Inclusive SM Listening 
 

CoRe Paper –Usability and Universal Design of ICT for Emergency Management 
Proceedings of the 19th ISCRAM Conference – Tarbes, France May 2022 

importance to Boolean search capabilities rather than “impressive visualizations”, because in addressing dynamic 
information requirements, “the technology we use needs to be able to get more into the nitty gritty” (R8). This 
information is then contextualized and analyzed to provide meaning to the organization.   

We found that the integration of segmentation in social media listening is easier in public service organizations 
with defined and strong crisis management information reporting and escalating routines. For example, in the 
referenced case for the Spanish-speaking communities, trust in social media, processes, routines and infrastructure 
were in place. With the addition of resources, a strategy for this segment was created and executed. In the case of 
the referenced ad-hoc team, their strong reporting and routing system facilitated the integration of social media 
activities in the response operations. Conversely, organizations with isolated social media strategies face 
difficulties in demonstrating the value of social media. For example, one of our participants in charge of answering 
to citizen requests in web and social media, showed excitement with the implementation of an organization-wide 
information management system (R6). With this, system requests from citizens, regardless of the source (i.e., 
social media, e-mail, or phone), would be routed directly to the specific department in charge of providing an 
answer. In addition, a repository of answers would be centrally available for analysts to search and provide 
responses to commonly asked questions. This improvement would likely reduce analysts’ workload and improve 
the service provided to the citizens (R6).  

Room for Improvement  

Most of our respondents agreed that it is not possible to cover everything, or reach every segment of communities 
in need, but there is room for improvement in that aspect. “I think that even with our current team we could do a 

better job of listening for other audiences” (R8). conversely, our respondents indicate that complaints are part of 
the job, and it is unlikely that everyone will be satisfied with the information and services provided. One area for 
improvement is the formulation of strategies with segmentation in mind that consider people with disabilities and 
vulnerable populations “because they're having completely different experiences than others” (R8). The use of 
digital volunteers was mentioned as a possibility, however, none of our respondents had used such resources 
before, the closest was the use of temporary staff. Research on this domain discusses the importance of both 
integration of digital volunteers and a universal design approach for digital tools used to crowdsource information 
to avoid the experience of situational disabilities (Radianti and Gjøsæter, 2019). Another area for improvement is 
incorporating insights from diverse data formats other than text (i.e., multimedia). However, while the technology 
is available, the commercial value for software designers and developers is still not enough to cover the effort to 
include this feature for customers.  

DISCUSSION 

We started with the motivation to explore how social media analytics support strategies to include vulnerable 
populations in crisis management. We conducted a series of interviews to explore the mechanics of social media 
listening in public service organizations. In the interviews and when analyzing the data, community segmentation 
and vulnerable populations emerged as a prominent theme of discussion and reflection. Inspired by international 
recommendations to focus on vulnerable populations, in our study, we packaged our findings in identifiable 
strategies that social media monitoring performs when caring for segmentation. Namely, background work, 
awareness of segments of the community, formalization of routines, and improvement. Thus, we explain how a 
combination of online, offline and collaboration strategies contribute to reaching communities beyond those 
already following public service organization profiles on social media. The analysis of semi-structured interviews 
with professionals working with social media in public service organizations and software designers, indicates 
that while there is ample room for improvement, these organizations have advanced in implementing strategies of 
inclusion in both online and physical settings. Some of the most sophisticated online strategies include dedicated 
social media resources for monitoring and two-way conversations for specific communities, and web analytics 
that provide insights of what topics of interest resonate with the public. On the physical aspect, we observed that 
online and offline strategies converge with the help of an information broker that based on trust relationships acts 
as a bridge between formal communications and specific needs (Hughes and Palen, 2012). The convergence of 
online and offline strategies, whether systematically planned or improvised suggests that there is a continuous 
commitment from public service organizations to reach and serve a diverse range of the population. Furthermore, 
our findings suggest two overarching points of discussion presented in the following paragraphs. 

First, the implementation of social media analytics and convergence of offline and online strategies respond to the 
needs of public service organizations of understanding, being present and available for diverse segments of the 
community, including persons with disabilities, minorities, and other vulnerable groups. Addressing these 
organizational needs translates into better services for a wide range of people which in turn, encourages 
communities to trust public services organizations. Improvisation emerges when current routines and technologies 
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are not enough to fulfill the service objectives. or sudden changes in the environment (Stieglitz et al., 2018), such 
as the introduction of new legislation or the dynamic changes in user-preferences for social media channels, call 
for alternatives to “get the job done” (Tapia and Moore, 2014).  

Thus, even with improvisation, the robustness of internal reporting and crisis management routines, together with 
the support tools used such as social media analytics can make the difference in the speed in which new or 
spontaneous strategies are aligned to the overall crisis management of the organization and in turn improve the 
services provided to the community (Ehnis and Bunker, 2020). From our findings we infer that there are different 
levels of alignment of social media use in public service organizations. On one side, robust social media teams 
and clear support from decision makers such as R1, R2, R13, are more integrated into the organization and work 
on strategies that target community segments. Then, on the other side, public service organizations that place 
social media isolated from core crisis management functions tend to be unaware about segmentation in social 
media and other outreach initiatives carried on at the organization. and expect communities to follow their online 
presence R2, R6, R12. In between, are organizations where segmentation is not practiced through social media 
but there is an effort to coordinate efforts with other parts of the organization to reach communities other than the 
usual followers. These are the organizations where improvisation is mostly exercised.  

CONCLUSION AND FUTURE RESEARCH 

Motivated by the importance of including vulnerable populations to foster resilient communities and noticing the 
differences between the offline diversity and the generalized picture presented by social media analytics, we 
conducted interviews with public service organizations from different parts of the world that use social media as 
a source of information. Our data showed different levels of awareness of diverse communities through strategies 
that responded to the organizational needs to understand, be present and establish a two-way conversation to 
include as many members of the community as possible. From a segmentation perspective, social media analytics 
when analyzed manually with a focus on context, can address specific sectors of the community. However, this 
endeavor calls for additional resources and robust crisis management routines. To address the needs of the 
population, public service organizations resort to improvisation and offline strategies to improve the services 
provided to the different communities.  

As our study indicates, there is room for improvement in reaching, understanding, and responding to the needs of 
segmented communities both in practice and research. This study has limitations in that we did not cover the full 
spectrum of types of public service organizations and geographical locations. Future avenues of research include 
enhancing and validating out findings by increasing our sample size, through additional interviews or other 
methodologies such as workshops and surveys. Moreover, future studies could also address the spectrum of 
alignment of social media listening strategies taking a segmentation approach. Lastly, future research could focus 
on requirements for the design of support tools for segmentation with a universal design approach that helps the 
assessment of the needs against the vulnerability of different segments of the population in need.  
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ABSTRACT 

Knowledge on the practical support from data ecosystems to disaster risk reduction remains partial. More 
specifically, we misunderstand the drivers and challenges inherent to emergency data ecosystems development in 
cross-border regions. We also miss cases of data ecosystem building in those regions. This research addresses 
these gaps by abiding by the principles and guidelines of visioning, a prospective and collaborative research 
design. Based on qualitative interviewing and archive analysis of the case 2020 Roya Valley floods, this work 
provides a prospect of a segment of data ecosystem that involves an organizational field aiming at Disaster Risk 
Reduction (DRR) at the French-Italian border. Still in progress, this work provides a comprehensive narration of 
a fictious data ecosystem. The narration hints at the major benefits and challenges inherent to this potential data 
ecosystem. This work enriches our understanding of data ecosystems’ features and benefits to cooperation 
between organizations involved in emergencies at borders (such as governments, civil protection agencies, 
volunteer-based organizations). In future development it will propose an agenda to support practitioners in the 
development good practices related to data ecosystems. 

Keywords: 

Data ecosystems, cross-border regions, organizational field, disaster risk reduction 

INTRODUCTION 

This research aims to better understand how a data ecosystem can help a cross-border organizational field reduce 
disaster risk. Nowadays, data ecosystems represent valuable tools to produce, share and integrate information 
between organizations involved in disaster management (either in humanitarian or emergency settings). Data 
ecosystems can be defined as a "loose set(s) of interacting actors that directly or indirectly consume, produce, or 
provide data and other related resources (e.g., software, services, and infrastructure). Each actor performs one 
or more roles and is connected to other actors through relationships” (Oliveira and al., 2018, p.604).  As 
illustrated by the report from the Joint Research Center (JRC) of the European Commission, data ecosystems can 
help alleviate the damages and costs inherent to disasters. For instance, from the data exchanged within an 
ecosystem, organizations can generate and share more reliable alerts (Van den Homberg & Susha, 2018) The data-
ecosystem can also federate organizations towards transparent data sharing through decentralized governance 
(Haak, Ubacht, Van den Homberg, Cunningham, & Van den Walle, 2018).  

Cross-border regions, characterized by the existence of diverse frontiers and boundaries, are particularly 
vulnerable to natural disasters. Not only those regions are particularly exposed to natural and man-made hazards. 
In addition, organizations in charge of disaster risk reduction can face coordination and information integration 
issues. The literature suggests that data ecosystems can help cross-border organizational fields identify and share 
information on risks inherent to disasters. However, given multiple boundaries, data ecosystems also represent 
challenging socio-technical systems to settle, maintain and govern (Haak et al., 2018). Hence, a gap remains 
between, on the one hand, the expected benefits from data ecosystems to cross-border organizational fields, and 
the other hand, our actual knowledge on how a data ecosystem can practically benefit to the field. Given the 
foregoing, our research project covers the two following questions:  
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1. “How can an organizational field located in a cross-border region rely on a data ecosystem to mitigate
disaster risks?”

2. “What are the drivers and challenges inherent to the building of a data ecosystem within an emergency
organizational field at a cross-border region?”

We address these two research questions by leading a visioning research process in collaboration with a cross-
border organizational field. This paper is also part of a wider pedagogical project that aims to train 8 master 
students to use scientific methods in a professional context. Visioning consists of collaboratively designing a 
preferable future within the society (Smith, Stirling, & Berkhout, 2005). More specifically, our research, still in 
progress, aims at elaborating a prospect of risk reduction regarding evacuation delays, in the context of a cross-
border flash flood. Visioning is particularly relevant when technological opportunities exist but remain unbounded 
– such as data ecosystems -  (Jørgensen, 2013). Applied to the specific case of the 2020 Roya Valley flash floods,
we are constructing a vision to better forecast how a future data ecosystem could reduce the risks inherent to
population evacuation. More practically, we are conducting interviews with experts and actors involved in the
management of this disaster to propose a vision that will address the two research questions (on the specific case
of the Roya Valley). We also briefly present a preliminary vision that resulted from data analysis. This vision
depicts a data ecosystem at the French-Italian border. This ecosystem relies on a non-profit organization – labeled
Novadata – to regulate its governance and services. The proposed vision hence details the major features of the
ecosystem, how it produces and maintain innovative services. It also hints at avenues to address its major
challenges.

This paper is structured as follows: we first define the key concepts of this research; we then explain the visioning 
method and how we intend to apply it. We briefly conclude on the expected findings and contribution from this 
research.  

THEORETICAL BACKGROUND 

In this section, we define the key terms of this research. We first detail the challenges inherent to Disaster Risk 
Reduction (DRR) and organizational fields at borders. We then explain what a data ecosystem is, and how it can 
support DRR.  

DRR AT BORDERS 

Hazards can generate dramatic disruptions and affect human lives, thereby generating disasters. Risk Reduction 
(DRR) consists of minimizing exposure to hazards and strengthen the capacity to prepare for and respond to the 
hazards (UNISDR, 2004). For multiple reasons, it is an important stake in cross-border regions.  

First, topological limits (rivers, mountains, desert) increase the gravity of storms, massive floods or droughts that 
affect local populations. Second, cross-border regions are often populated by critical infrastructures (such as 
electrical and nuclear plants) and welcome high volumes of transportation and commercial activities. Third, the 
lack of administrative corresondance (Darnis, 2015; Peyrony, 2020), as well as responsibility overlaps between 
counterparts and divergent taxonomies can hinder cooperation. In addition, each side of the border belongs to a 
specific state and can need to trade-off between national interests and local needs. In this context, cross-border 
regions can be dramatically exposed to hazards while facing important vulnerabilities. 

2021 Floods along the Meuse vividly illustrate why disaster risk reduction is an important topic in cross-border 
regions. The Meuse represents a natural frontier along France, Belgium, the Netherlands and Germany. It hosts 
cross-border population, infrastructures and many commercial activities. In July 2021, a massive flooding 
destroyed roads, railways, electrical infrastructures, water access at the Belgian-German frontier. This required 
cross-border cooperation to evacuate, as well as intensive cooperation between European emergency responders. 

DRR RELIANCE ON ORGANIZATIONAL FIELDS 

Organizations and societies do not tackle DRR in isolation. Rather they tend to collaborate in organizational fields. 
An organizational field comprises heterogeneous organizations - coming from private companies, communities, 
governmental or international agencies – that share a common objective and frequently interact with each other 
(Scott, 1995, p.56). Organizational fields can be found in various sectors, including health care (Reay & Hinings, 
2005) renewable energy (Marcus & Anderson, 2010), political activism. However, organizational fields remain 
scarcely studied in disaster and emergency management (Hannigan, 2013; Toinpre, Mackee, & Gajendran, 2018; 
Verweijen, 2018) 

In organizational fields aiming at DRR, there are core organizations officially entitled to reduce disaster risks, 
such as national and local authorities. There are also more peripheral organizations that do not endorse static 
responsibilities (Robinson, Eller, Gall, & Gerber, 2013), but more or less adapt to authorities and populations’ 
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needs. Communities and non-profit organizations, as peripheral organizations, have been playing an increasingly 
role in information production to mitigate and address disasters (Comes, Adrot, & Rizza, 2017). Core and 
peripheral organizations interact within the field well before a disaster occurs - through exercises, planning, 
communication campaigns and other collaborative projects. In France, for instance, authorities, emergency health 
organizations and non-profit organizations have a long experience of workshops and exercises to better prepare 
for floods and other disasters. Through those interactions and projects, organizational fields devoted to DRR 
progressively settle. 

CHALLENGES OF DRR ORGANIZATIONAL FIELDS AT BORDERS

Organizational fields that aim at disaster risk reduction can suffer from information lacks in the latent phases that 
precede a disaster. The massive and sudden wave of refugees who arrived at the Bielorussia and Poland frontier 
in December 2021 provides a sad but vivid illustration of the difficulties that DRR organizational fields can face 
before a disaster strikes (Watch, 2021). In this case, the army units and authorities hardly shared with non-profit 
organizations the information that they had preliminary collected. Also, non-profit organizations faced a dilemma 
between sharing unreliable information with the refugees on a humanitarian corridor. While this man-made 
disaster remained difficult to fully anticipate, humanitarian disasters had already taken place at frontiers. One 
could assume that information exchange could have help alleviate the suffering of families trapped at the borders. 
In sum, while organizational fields that prepare for disasters that transcend borders (Hannigan, 2013), they still 
face multiple obstacles to information sharing. 

One reason for the lack of information and data sharing stems from the fact that data collection usually starts once 
a disaster hits (Haak et al., 2018). Another issue comes from the lack of coordination and transparency between 
organizations that collect data in about potential disasters. Organizational fields can address those issues by 
strengthen their  capacity to effectively deploy data tools before a disaster strikes, - labelled as data preparedness 
(Van Den Homberg, Visser, & Van Der Veen, 2017). 

We detail in the following section how data ecosystems can support data preparedness, thereby paving the way 
for the identification and prevention of disaster risks.  

DATA ECOSYSTEM: AN AVENUE FOR DRR AT BORDERS 

Data ecosystems represent a promising answer to many grand challenges, going from smart cities, agriculture 
resilience, sustainable development (Cave, Gyateng, Lalande, & Lumley, 2018). Recently, data ecosystems were 
examined as opportunities to foster information sharing and integration within organizational fields that prepare 
for disasters. For instance, they support collaborative tracking of population distribution during disasters (Arai et 
al., 2020). They can also help mitigate risks inherent to disasters, such as floods in Nepal (Van Esch, Van den 
Homberg, & Boersma, 2021). Data ecosystems also strengthen social and informal ties within an organizational 
field through networking and resource-sharing (Oliveira, Oliveira, Batista, & Lóscio, 2018).   

A data ecosystem gathers organizations and actors that frequently interact with each other to produce, share, 
consume data sets and services (Oliveira et al., 2018). According to this definition, various kinds of organizations 
– companies, communities of practice, non-profit organizations, international agencies, etc. - coordinate to share
multiple data sets and services. For instance, in the humanitarian sector, Open Street Map developed a new data
ecosystem called HOSM (Humanitarian Open Street Map - www.hotosm.org). This system aims at making
various types of humanitarian data accessible. HOSM gathers various organizations that target opportunities
provided by data sharing and analysis. HOSM relies on CKAN, an open-source program supported by a worldwide
community and accessible on GitHub. Some of its data sets are provided by international agencies such as the
United Nations and the Red Cross. Finally, its board comprises companies such as Google, the World Bank and
universities.

The selection and processing of data sets, far from being neutral, depends on organizational and social settings 
(Baack, 2015), even in the emergency or humanitarian sectors (Mulder, Ferguson, Groenewegen, Boersma, & 
Wolbers, 2016). In the case of data ecosystems, the sharing of data sets, taxonomies, as well as the governance 
and the involvement of community networks can influence data preparedness (Haak et al., 2018). 

One can also infer from the literature how ecosystems can support DRR in organizational fields at borders. First, 
situational awareness fuels from inter-organizational networks and central hubs (Ansell, Boin, & Keller, 
2009). By meeting both requirements of decentralized governance and pivotal leadership, data ecosystems support 
situational awareness.  Second, data ecosystems can constitute a first step in establishing shared protocols, thereby 
facilitating the creation of synergies between actors during the preparation of the disaster (Gelhaar, Groß, & Otto, 
2021).  Third, a data ecosystem can represent a common goal that federates actors. Cross-border cooperation relies 
heavily on the capacity to surpass conflicts of interests (Leloup & Gagnol, 2017), and to sustain local actors’ 
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commitment (Princen and al., 2016). For it to be maintained, mutual interdependencies, shared advantages or a 
continuing sense of emergency must be perceived by all actors (Princen and al., 2016).  A data ecosystem might 
be able to fulfil the role of a driving force in cross-border cooperation (Gelhaar, Groß, Otto, 2021; Oliveira and 
al., 2018).  

However, data ecosystems imply uncertainties that might interfere with the challenges inherent to cross-border 
cooperation. First, data ecosystems require multiple areas of expertise, coming from server maintenance, to 
programming, data cleaning and visualization, data safety, etc. The necessary expertise might not exist within one 
organizational field. This means the need to expand the field by including experts and private companies that 
master these topics but hardly know the reality of disasters and borders. Second, the underlying tenet of data 
ecosystems is that organizations aim at sharing information and data. However, organizations retain information 
and overprotect data confidentiality. Moreover, organizations might not share the same interest in data. Finally, 
data ecosystems imply complex governance and the capacity to plan and fund the maintenance of the data services, 
literacy, and sets. Cross-border cooperation can face tensions due to divergent cultural, political and economic 
settings between the two sides of the frontier. All these challenges imply that data ecosystems, after all, do not 
always offer benefits and can generate tensions between its members 

In sum, data ecosystems represent a promising but uncertain avenue to support DRR at borders. Before settling 
ecosystems, organizations ought to better understand how data ecosystems from a socio-technical stance. We 
argue in the coming section the relevance of visioning as a lens on data ecosystems. 

VISIONING AS A LENS TO DATA ECOSYSTEM AND DRR 

A vision is defined as “a desirable or preferable future” (Jørgensen, 2013, p. 142). In other words, it consists of 
reflecting on how to improve fragments of society (including an organizational system). It is also a strong driver 
to involve stakeholders in the exploration of an alternate and more desirable future (Smith et al., 2005). For 
instance, visioning was used in participative projects with respect to a large spectrum of topics: urban spaces and 
city development (Szpilko, 2020), industry expansion (Hung, Lee, & Wang, 2013), innovation (Schirrmeister & 
Warnke, 2013), nanotechnologies (Schaper-Rinkel, 2013) and environmental solutions (Jørgensen, 2013).  

Rather than merely examining what already exists, visioning helps thinking out of the box and explore what could 
exist. Visioning is therefore relevant to identify benefits from technology whose contribution to the society 
remains unclear and unbounded (Jørgensen, 2013). As reviewed here in, data ecosystems have been scarcely 
investigated and case studies on data ecosystems are missing, especially in relation to disaster risk reduction.  

An underlying tenet of visioning is that technology is socio technical. Applied to our case, this means that data is 
not merely programs or lines. Rather data becomes what organizations practically use them. The sociotechnical 
dimension of data was extensively documented (Mulder et al., 2016). In other words, visioning helped us approach 
data ecosystems from a comprehensive fashion.  

From a more practical perspective, visioning supports the involvement of practitioners in discussion with scholars 
and peers on the following aspects: i) whether the future prospect? is significantly preferrable to the current 
situation, ii) whether the future prospect is achievable. This generally helps build consistent and relevant visions 
that can inspire decision-makers. 

RESEARCH DESIGN AND METHODOLOGY 

Our research design is part of a wider project that involves a researcher, master students and a practitioner. In a 
nutshell, this project aims to train master students to employ scientific methods to address practical needs in 
organizations. This means that 8 master students –acknowledged at the end of this paper - got involved in the 
project from its very beginning and participate to its every step.  

Based on a retrospective examination of data and information exchanges from the case of the 2020 Roya Valley 
floods, we are applying the visioning method to better understand how a data ecosystem can help reduce risks. 
Visioning aligns with a pragmatist epistemology, that posits the need for research outputs that bring practical 
value to our world. Here, we hope work aims at producing knowledge that can make the difference by helping 
humanitarian/emergency organizational field benefit data ecosystems as present and future opportunities. In this 
section, we first briefly present the empirical case study (as a basis of the vision) and detail each of the steps that 
compose our research process. 
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Empirical case studies: 2020 Roya and Vésubie valleys floods 

To frame a desired future, visioning requires thorough understanding of past and present (Jørgensen, 2013). To 
support the relevance and reliability of our visioning, we are thoroughly examining information integration and 
inter-organizational cooperation in a past disaster at borders. This conducted us to empirically investigate the 2020 
Roya flash flood case.  

On 1st of October 2020, a storm labeled as Alex affected the Britanny coast in France. After some hours, the storm 
resulted in heavy rains and flash floods in the Roya Valley, at the French-Italian frontier. Thanks to the tracking 
of disaster risks, a significant proportion of citizens at risk evacuated and the authorities organized ad hoc shelters. 
However, the floods generate more dramatic damage than anticipated and numerous roads closed as the evacuation 
was still going on. Part of the evacuation was undermined by the fact that roads got blocked by heavy rains at both 
sides of the frontier. In this specific case, the risk of populations being blocked and unable to evacuate early 
enough materialized. As a result, more than 1000 firefighters were deployed to rescue, using helicopters This risk 
implied more fatalities, as well as demanding and dangerous solicitation of the civil protection. In line with this 
view, our exploratory interviews suggest that organizations put a lot of efforts on evaluating the need for 
evacuation and population’s isolation. However, in this case, the detection of early signs represents a core 
challenge. 

Visioning as a research process 

Based on visioning heuristics and method, our research process follows three major steps. We first define the 
scope of the vision. This step, still on going, relies on literature reviewing, expert interviewing, and thorough 
investigation of 2020 Roya Valley floods. Second, we backcast, i.e., elaborate a specific vision that represents a 
desirable future. Third we collaboratively evaluate and discuss the feasibility of the proposed vision, which can 
lead to its refinement. This step focuses on the drivers and the challenges inherent to the data ecosystem settlement 
and maintenance. We detail in the remainder of this section each step, in particular how data is collected and 
analyzed. 

Scoping the vision 

First, as prescribed by Smith et al. (2005), we are designing the major features of our vision: time horizon, scope 
(including the definition of the issue to address). We determined the vision as an evolving path; the major 
differences to expect between present and the visions. We also detail the role of infrastructures and their main 
features, based on our literature review on cross-border cooperation, information integration and data ecosystems. 
We also examined the actors who should appear in the vision or collaborate with the research team to draw the 
vision.  

To identify the actors involved in the vision, the research team examined two humanitarian data ecosystems and 
interviewed experts. We conducted three semi-structured interviews from experts of data ecosystems, including 
two practitioners involved in humanitarian or emergency data ecosystems and one scholar. These interviews 
helped refined the interviewing guide that we had elaborated from our literature review.  

To ease the scoping of the vision, we relied on the concept of organizational field that helps delineate the actors 
involved in disaster risk reduction.  

In addition, we collected and are still collecting data on the specific case of 2020 floods in the Roya valley. To 
specifically define the differences between present and desired future, we narrowed the scope of our investigation 
to a specific risk and period of the disaster under investigation. Hence, we are currently conducting interviews 
with actors involved in disaster mitigation in the Roya Valley (we provide in this paper a description of the case). 
The interviews aim at targeting diverse actors to triangulate data and we conducted based on a dictionary them 
that we iteratively refine after each exploratory interview. Through the interviews, we remain vigilant regarding 
the diversity of risks that the actors needed to address and how this affected the response. During the interview, 
we ask the actors about their experience of disaster risk reduction, as well as their cooperative ties. We focus on 
a specific risk and ask them what type of information would have eased disaster risk reduction, how they could 
find this information and with whom they intend. A third part of the interview. 

Our rationale for focusing on this specific risk is double. First, the difficulties from the population to evacuate 
was reported as a major issue during the 2020 Roya Valley flood. The lack of timely evacuation put people and 
rescuers in danger. It also implied the need for additional helicopters and associated means to evacuate. Second, 
organizations have access to data that could help mitigate this risk; hydrometric data, roads exposed to floods, 
demographics, etc. Hence, identifying ways to mitigate this risk by relying on data seems at first sight feasible. 
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Backcasting 

The second step consists of defining the vision itself. Its expected output is the storyline of a fictious vision, where 
a data ecosystem exists between cross-border organizations and supports risks’ identification and mitigation. As 
mentioned here in, we are currently focusing on the specific risk that the populations cannot evacuate due to closed 
road. To elaborate a comprehensive vision, we also need to identify the major stakes inherent to the situation 
envisioned. 

At this stage of our research, we are collecting data from multiple interviews, still in progress. We intend to attain 
semantic saturation, which means that our dictionary theme will not evolve over interviews. These interviews are 
or will involve various types of professionals involved in disaster risk management inherent to the 2020 Roya 
Valley disaster. We will interact with mayors, professionals in various organizations (including State agencies, 
civil safety, non-profit organizations) whose mission is to identify and mitigate risks. We will also interact with 
the operational actors involved in the rescuing of the population during the disaster. The diversity of interviewees 
helps manage biases against the perception from the interviewees. The combination of primary data from 
interviews and secondary data from the archives has so far helped us identify one specific risk that was crucial to 
manage before the floods. We also ask the interviewees about their contribution to risk reduction before, during 
and after the disaster. We then pursue the interview on the informational needs from the actors who manage the 
risks under study. When possible, we will ask the interviewee about data sharing and modalities to develop this 
sharing.  

To frame our visions, we need to code the collected data, thorough analyze a specific episode (that will serve as 
a basis in the comparison between present and preferable situations). We are currently coding the interviews. We 
are using the refined dictionary theme as a starting point to identify codes in the transcripts of the interviews. 
Using MaxQDA, we will not restrict our coding to the codes included in the dictionary theme but will also open 
to other themes. Due to our focus on data ecosystem, we will carefully identify data and information needs 
between the actors. Based on dialogically reasoning, we are leading multiple rounds of discussion to define the 
most relevant codes (using memos on MaxQDA). TO test the reliability of our coding grid, we conducted cross-
coding (>50% of convergence) 

Finally, we are focusing on a specific episode related to evacuation and roads closure. This helps better target data 
to depict a situation where actors could not access to data, identify which organizations could have. Our codes 
will also comprise the features of a data ecosystem and its challenges for organizations. We aim at theoretical 
saturation (the model will not evolve despite additional models) and on two models i) a process-based model, ii) 
a data ecosystem-based model. These two models will help compare the present and the vision. 

Collaborative discussion with practitioners 

The third step will take place as a formal meeting in which we will present the vision, organize discussion on its 
major features (based on Haak et al., 2018) and collect inputs from participants. Based on our interviews and 
coding, we are currently identifying the most problematic – if not controversial - aspects of the vision that we will 
propose. Those aspects are detailed in the provisional findings. 

PRELIMINARY FINDINGS 

In this section, we detail the vision inferred from the coding of our data and a literature review. The vision does 
not provide an exhaustive narration of the future of data usage in cross-border regions. The vision is not normative 
(nor ideal) and does not call for direct implementation. Rather, it provides some of its most important features 
(according to our analysis) that address and foster discussion of the two following research question: 

1. “How can an organizational field located in a cross-border region rely on a data ecosystem to mitigate
disaster risks?”

2. “What are the drivers and challenges inherent to the building of a data ecosystem within an emergency
organizational field at a cross-border region?”

The provisional vision addresses (1) by narrating a fictious data ecosystem. To promote clarity, we only provide 
here a summary version. In a nutshell, the ecosystem, represented in Figure 1 gathers key actors (including core 
and peripheral organizations of the DRR field), that would agree on the creation of the ecosystem. A non-profit 
organization, Novadata runs the ecosystem services and governance, under the supervision by its founders. It 
drives the production of data services based on public and semi-public data. The vision explains how the 
challenges (identified in the literature and in empirical data) can be regulated by the governance of the ecosystem. 
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Figure 1.  The visionary ecosystem and Novadata 

Among its missions, Novadata designs processes to include organizations in the ecosystem and define their data 
rights. Novadata is also responsible for keeping the data sets and services consistent over time, through the creation 
of glossary and processes to update the data. Novadata also monitors the flow of data entered and shared between 
the various actors involved in the ecosystem.   

The vision addresses (2) by proposing practical avenues to overcome the challenges inherent to the building of 
the ecosystem. First, not all the organizations in the ecosystem would share the same informational needs. Second, 
these informational needs vary over time. For those reasons, Novadata structures its services through tasks forces. 
Each task force specializes on a concern shared by some organizations of the ecosystem. As a starting point, 
Novadata creates two task forces. One on the identification and connection to vulnerable people, an another one 
on evacuation.  

The latter targets creative use of data with respect to evacuation. The taskforce produces and updates specific 
datasets from the combination of semi-public data that usually remain underused. Thanks to sophisticated tools, 
evacuation has much improved in the latest years. But complementary views can complement existing insights on 
evacuation to reduce risks inherent to evacuation. The task force offers these services:  

i. The production and normalization of data sets

ii. The production and access to outputs from data sets (including visuals, graphs, maps, etc.)

iii. The training and brainstorming sessions

iv. The documentation of the service and how to use them. The task force also aims at promoting data culture
to address heterogeneous levels of expertise and familiarity with data across organizations.

EXPECTED CONTRIBUTION AND CONCLUSION 

This research, still in progress, aims to better understand i) how a data ecosystem can support disaster risk 
reduction as a cooperation effort in a cross-border region, ii) the inherent drivers and challenges to the building 
of a data ecosystem by an organizational field in a European, cross-border region.  

Our research, still in progress, presents some limitations. In particular, the vision fails at providing an exhaustive 
representation of the future (which is not the goal of visioning). However, to partially address this limitation, we 
plan to pursue our collaboration with practitioners – by brainstorming on the vision - to make sure that the vision 
does not overlook the most crucial stakes of data ecosystems and DRR at borders. In addition, the vision was 
inferred from data collection and verbatims, but remains a prospect (that might not correspond to the real future). 
To address this limitation, we keep in mind that the vision is not the future, but rather a possible future, achievable 
at certain conditions. In the future, we will also segment the vision (in challenges) to brainstorm on those 
conditions specifically.  

The expected contribution from this research is double. First, we will enrich existing knowledge on data 
ecosystems in cross-border organizational fields. Despite growing documentation on data ecosystems, we still 
lack insights on the specific context of borders, which represent rich but vulnerable regions in the world. This 
paper also offers an example of visioning. In particular, it details the steps that one can follow to frame and 
investigate a potential future cross-border data ecosystems. Our second contribution is more practical. Through 
the visioning method, we will participate into a collaborative and prospective research to help organizations reflect 
on the benefits and risks inherent to data ecosystems. We hope that, by so doing, these organizations can rely 
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scientific methods and concepts to avoid better benefit from data. 
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ABSTRACT 

This article focuses on the question of the impact of the COVID-19 crisis on air pollution. The chosen approach 
is based on the principle of “Physics of Decision” (POD), which considers: (i) the performance of a system as a 

physical trajectory within the framework of its performance indicators, (ii) risks or opportunities (potentialities) 
as forces that may deviate that trajectory, and (iii) benefits or damages (actualities) as concrete deviations of the 
performance trajectory. The daily data about the air pollution in Paris area (France) has been gathered for eight 
years (2014-2021) and three main performance indicators have been chosen. Then, the performance trajectory of 
each year has been plotted and the expected trajectories of 2020 and 2021 have been guessed from the previous 
ones. The deviation between the expected and actual trajectories of 2020 and 2021 have been assessed, and using 
physics and motion laws, evaluated as a deviation force. 

Keywords 

risk, opportunity, physics of decision, COVID-19, air pollution, performance management, decision support. 

INTRODUCTION 

It has been often mentioned throughout public and social media that the COVID-19 crisis, and especially the 
mitigation measures of 2020 and 2021 (especially lockdown and teleworking) have had a strong impact on air 
pollution mainly by reducing traffic. The strict confinement applied in France between March 17, 2020, and May 
11, 2020, could be considered as a full-sized experiment to check if a drastic reduction of car traffic could have a 
significant effect on some air pollution indicators. This strict lockdown has been defined according to the 
following rules. French citizens can leave their homes only for the following reasons: 
• go to work (if telecommuting is not possible)
• make essential purchases in establishments where the activity is authorized (mainly grocery stores)
• go to the pharmacy or to the doctor's office, if remote consultation is impossible and cannot be postponed
• physical activity within a maximum radius of one kilometer from home (no more than one hour per day)
• go to a judicial or administrative summons
• participate in a mission of general interest upon request of the administrative authority
• a compelling family reason for assistance to vulnerable people or the care of children

It is noticeable that there have been two other lockdowns in France (October 30, 2020, to December 15, 2020, and 
April 3, 2021, to May 3, 2021) but these two lockdowns have been less drastic (schools and universities have not 
gone 100% remote for any levels, contrary to the first confinement). 

Consequently, the objective of this article is to study the actual impact of lockdown on the air quality of Paris 
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(France). The question of air pollution is indisputably a main component of global warming and the environmental 
crisis that mankind is currently facing. Consequently, this article aims at contributing to studying how much a 
strong policy measure as a general lockdown impacts air pollution in a major city like Paris. That research 
question is besides addressed from an original angle: Based on the selection of some significant air pollution 
indicators this article presents the study of the impact of the first confinement according to the Physics of Decision 
(POD) principles. The initial idea is to model the actual air pollution as a yearly physical trajectory within the 
framework of these air pollution indicators. This model of air pollution trajectory can then be studied using the 
physical principles of motion. The final objective is to evaluate the impact of the studied event (the first 
confinement in France) as a physical force deviating the air quality trajectory. 

Consequently, this article is structured as follows: The next section is dedicated to select the air pollution 
indicators that are relevant considering (i) their criticality with regards to air pollution, and (ii) their susceptibility 
to traffic. The following sections presents the POD approach of the study, the obtained trajectories and the 
“confinement force” calculated from these trajectories. Finally, a conclusion discusses the results and the avenues 
that can be foreseen from this work. 

AIR POLLUTION INDICATORS 

Obviously, there are a lot of air pollution indicators that are currently assessed and studied to supervise the actual 
quality of the air. For the purpose of this article, two main criteria have been defined to select which indicators 
should be chosen: 
• The first criterion concerns the criticality of the indicator in relation to overall air quality. This means that the

air pollution indicators to be selected must be of significant importance to the global air quality assessment.
• The second criterion concerns the sensitivity of the indicator with respect to traffic (as this article assumes

that the confinement primarily and drastically reduced car traffic).

To deal with these criteria, the European Standards have been considered. Namely, the NEC-21 directive has been 
considered as the main reference. That directive actually defines a list of polluting components that must be 
assessed, controlled and for which some clear objectives are being defined annually2. 

Based on that directive, some public agencies do control the air quality and report about it. For instance, from Le 
Moullec and Meleux (2020), it can be observed that out of twelve indicators, five are not reaching the objectives 
of the previously mentioned directive. The following Table 1 presents these results: 

Table 1.  French Air Quality 

Polluting element SO2 NO2 O3 PM10 PM2.5 CO C6H6 As Cd Ni Pb B[a]P 

Respecting the NEC-2 
Directive 

Yes No No No Yes Yes Yes Yes Yes No Yes No 

Number of major cities 
exceeding in 2019 

0 9 49 2 0 0 0 0 0 1 0 1 

Considering the first criteria, (Le Moullec and Meleux, 2020) defines the “four most emblematic pollutants”, 

namely NO2, O3, PM2.5 and PM10 (both PMx being particles indicators). Following that vision and in order to 
match the first criteria, the observed air quality indicators should be extracted from these four. 

Considering the second criteria, it can be extracted from (Le Moullec and Meleux, 2020) that the main cause of 
NO2 emission in the air is the transport sector at about 63%, as it comes mostly from combustion processes. The 
main causes of PM10 and PM2.5 emissions to air are the residential/tertiary sector (32% and 51% respectively) and 
industry (28% and 20% respectively). Traffic and transport sector also impact lightly PM10 and PM2.5 emissions 
(7% and 9% respectively), or even more (16% and 19%) from (Aichi and Husson, 2015). However, there is no 
primary sector responsible for the emission of O3 into the atmosphere because O3 has no direct source in the 
atmosphere, it is an exclusively secondary pollutant which is formed by solar radiation and complex chemical 
reactions between different pollutants, in particular NOx and volatile organic compounds (Bruxelles, 2016). 
According to these elements and in order to match the second criteria, NO2 should clearly be one of the selected 
air quality indicators (it undoubtedly matches all criteria). Regarding O3, PM2.5 and PM10 it is not obvious to make 
a choice. O3, seems critical and far from being under control, thus it is significant, however, even if it is indirectly 
linked to traffic, there is no first order connection. PM2.5 seems to be under control and is lightly but still 

1 The NEC-2 directive: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32016L2284 (last 
acceded January 24th 2022). 
2 The expectations and results for France are available here: https://www.citepa.org/fr/politique-polluants/ (last 
acceded January 24th 2022). 
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significantly depending on traffic, while PM10 even if a slightly failing indicator is less depending on traffic. 

Thus, to adjust the choice of the right air quality indicators, the progress of these indicators should also be 
considered. The following Figure 1 illustrates their evolution: 

Figure 1. temporal progression of the main indicators – from (Le Moullec and Meleux, 2020). 

From these last elements, it seems PM2.5 and PM10 have a very close trend. It is also obvious that O3 remains a 
very problematic indicator. As a consequence, the following of this article will focus on NO2 (as stated earlier), 
O3 (due to its criticality), and PM2.5 (as the PM indicators depending the most on traffic). Nevertheless, it can be 
predicted that NO2 should be the most sensible indicators, PM2,5 probably slightly sensitive, while the behavior 
of O3 cannot be anticipated. 

One additional comment: one may wonder what the results would have been if the order of consideration of the 
two criteria had been reversed (selecting first the indicators most depending on traffic, then those with the greatest 
impact on air quality). This would not have been the right way to proceed because it is important to keep in mind 
that the expected result is a deviation force, so the first criterion clearly has priority over the second. Doing the 
opposite would result in calculating a potentially very sensitive but of second or third order force on how the 
trajectory is defined. 

PHYSICS OF DECISION APPLIED TO AIR POLLUTION 

The data about the three selected criteria (NO2, O3, PM2.5) has been collected from official public sources3 on the 
seven years covering the period 2014 to 2020. The following Figure 2 illustrates the annual evolutions of the three 
air quality indicators in 2014 and in 2020 (the other years are available but not presented due to space limit). 

Figure 2. Annual evolution of the three air quality indicators in 2014 and 2020. 

3 https://aqicn.org/city/paris/ 
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Air Quality Trajectories 

From this data, the objective is to apply the principles of Physics of Decision (POD) as presented in (Benaben, et 
al. 2020) and illustrated through a simulation example in (Moradkhani, et al. 2021). In this context, yearly air 
quality is represented as a trajectory within the framework composed with three dimensions (NO2, O3, PM2.5). The 
dots that are connected by this trajectory represent individually an instant of the considered year for which the 
measurements of the three indicators (NO2, O3, PM2.5) are used as coordinates. 

Consequently, Figure 3 represents exactly the data gathered from the public sources presented on Figure 2 about 
air quality in Paris. Each colored trajectory shows a year, and each point is a triplet of measurements of the three 
selected indicators. We can see on Figure 3 the air quality trajectories of the pre-pandemic period (2015-2019) on 
the left part and the air quality trajectories of the pandemic period (2020-2021) on the right part. 

Figure 3. Comparing the 3D trajectories of 2020-2021 (right) to 2015-2019 (left). 

Even if it seems that the trajectories of the pandemic period looks less dispersed and closer to the origin (0, 0, 0) 
than the trajectories of the pre-pandemic period, this can’t be considered as a tangible results, especially 
considered the obvious declining trends of Figure 1. However, Figure 4 presents the 2D projections of the 
trajectories of Figure 3, and thus provides a more significant visual about the decline during the pandemic period. 

Figure 4. Comparing the 2D trajectories of 2015-2019 (left) and 2020-2021 (right). 

The apparent movement that can be observed in the 2D representations of Figure 4 (relative displacements 
represented by the red dotted arrows between the blue crosses representing the pre-pandemic centers of gravity 
and the orange crosses representing the centers of gravity during the pandemic) can of course be explained by the 
decreasing trend observed in Figure 2. Nonetheless, the objective of the following subsection is to investigate 
whether this trend is the only responsible for the decrease, or if there might be an additional decreasing factor that 
could be attributed to the confinement. 

This will be observed by strictly considering these trajectories as motion trajectories and by applying some physics 
principles. Basically, the ambition from this point is to try to distinguish the “natural” decreasing trend (due to the 

efforts to respect the NEC-2 directive) and a potential confinement force that could explain the deviation of the 
pandemic period trajectories. 
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Seeking for a Confinement Deviation Force 

This subsection essentially focuses on 2020. The air quality trajectory of 2020 is shown on Figure 5 which presents 
the full trajectory and specifically the confinement period (orange area on Figure 5) from a kinetics perspective. 

Figure 5. Air quality trajectory for 2020. 

For that purpose, Newton’s second law of motion will be used. This law claims that the acceleration of an object 
as produced by a net force is directly proportional to the magnitude of the net force, in the same direction as the 
net force, and inversely proportional to the mass of the object. This law is usually formulated as: 

a = Fnet / m  Fnet = a.m (1) 

In the current case, considering that there is a trajectory with 3D coordinated representing the position of the 
object “air quality”, it is easy to get the speed (dx/dt, dy/dt, dz/dt), namely (dO3/dt, dPM2.5/dt, dNO2/dt). Then, 
acceleration can be obtained as (d2x/dt2, d2y/dt2, d2z/dt2), namely (d2O3/dt2, d2PM2.5/dt2, d2NO2/dt2). As the literal 
equation of the 2020 air quality trajectory is not available, the local speed and acceleration are calculated as: 

Speed = [(x(t)-x(t+δt))/δt, (y(t)-y(t+δt))/δt, (z(t)-z(t+δt))/δt] = [sx(t), sy(t), sz(t)] (2) 

Acceleration = [(sx(t)-sx(t+δt))/δt, (sy(t)-sy(t+δt))/δt, (sz(t)-sz(t+δt))/δt] = [ax(t), ay(t), az(t)] (3) 

Considering the mass of the system as “meaningless” here, the main hypothesis that is assumed is the following: 

The mass of the considered system when studying the air quality trajectory can be considered as constant. 

Then, the remaining question concerns the calculation of the acceleration. As presented in (3), this is a very easy 
calculation. Figure 6 presents the calculation of the three accelerations for (NO2, O3, PM2.5).  

Figure 6. Accelerations of NO2, O3, and PM2.5 for 2020. 
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These accelerations are global accelerations, meaning they embed all causes. In this article, it is considered that 
all causes of accelerations are similar from one year to another, except for 2020 (due to the COVID-19 crisis and 
especially the confinement). Roughly speaking, there are then the generic causes (mainly the overall political and 
individual efforts to respects the NEC-2 directive) and the specific cause (the 2020 confinement). 

In order to distinguish between these two types of acceleration, the approach is based on the definition of the 
theoretically expected trajectory for 2020 (would the COVID-19 crisis not happen). This trajectory can then be 
used to calculate the theoretically expected accelerations (on the same three dimensions). Then, by subtracting the 
theoretically expected acceleration from the actually observed acceleration, we obtain an estimate of the portion 
of the acceleration due to the unexpected event, namely the confinement. 

Considering the decreasing trends identified on Figure 1, and the trajectories of Figure 3, this article suggests to 
use, as theoretically expected trajectory for 2020 an average calculated from all the values of 2018 and 2019 (each 
points of the theoretically expected trajectory for 2020 is based on the average of the values of the same day of 
2018 and 2019), to which a decreasing factor is applied according to the trends of Figure 1 (for the three 
dimensions, the slope observed on Figure 1 is applied to slightly decrease the value according to the trends). On 
this basis, the following Figure 7 presents the obtained theoretically expected trajectory for 2020 and its visual 
comparison with the actual trajectory for 2020. 

Figure 7. The theoretically expected trajectory for 2020 and the actual trajectory for 2020. 

The obtained accelerations for the theoretically expected trajectory for 2020 with regards with the actual air 
quality trajectory for 2020 are presented on Figure 8. 

Figure 8. Compared accelerations of actual 2020 and the theoretically expected 2020. 

Figure 9 presents the subtracting of the theoretically expected acceleration (i.e. the Model’s values of acceleration 
from Figure 8) from the actually observed acceleration (i.e. The actual 2020’s values from Figure 8). The result 
is supposed to be the part of the acceleration due to factors that are unexpected. One hypothesis that is made in 
this work is that these unexpected factors mainly relate to COVID-19 measures. 
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Figure 9. Part of the acceleration that is unexpected. 

The following Table 2 presents the 3D vectors associated to these unexpected accelerations (there are actually 
365 of these vectors but we chose to present in this table one every three weeks all along the year, and on every 
two weeks specifically for the confinement period of time). 

The first column presents the date of the acceleration, the second, third and fourth column are the actual values of 
acceleration replicated from Figure 9, and the fifth column gives an indication about the direction of the vector: 
is it inside the sphere centered on (0, 0, 0) and tangent to the position at that instant (then it improves the air 
quality) or outside this sphere (then it worsens the air quality). 

Table 2.  Unexpected acceleration vectors. 

Finally, Figure 10 gives a visual representation of these acceleration vectors representing, from the perspective of 
this work, the deviation force due to the confinement. The values of the fifth column of Table 2 defines the color 
of the vectors (green for improvement and red for deterioration). It is noticeable that among the nineteen 
represented vectors, ten are red and nine are green. Besides, during the confinement, three of the four vectors are 
green (end the red one is really of low magnitude). One final comment is that the second confinement (October 
30, 2020, to December 15, 2020) did not create these green vectors (which is consistent with the remarks made in 
introduction about the difference between the first French confinement and the others). 
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Figure 10. The force vectors due to the confinement according to this study. 

CONCLUSION 

The main takeaway is that, according to the applied approach, there is a clear impact of the first confinement in 
France on Paris area’s air quality. However, the intensity of this impact does not seem to be of an overwhelming 
order of magnitude. If we consider the presented approach as trustable, there might be several reasons to these 
results. First, the impact of car traffic (compared to trucks and others) may finally be minor. Second, the duration 
of the confinement may also be questionable to have a clear and significant impact on air quality. 

From another perspective, the work that has been presented in this article shows that the physics-based approach 
POD on the one hand provides a visualization paradigm that can open the door to other ways of assessing the 
actual performance of a system (no need to mention that immersive technology like VR/AR could strongly support 
that first perspective). On the other hand, this approach also provides a new to consider risks, opportunities, and 
positive or negative actualities: considering them as actual or potential forces able to deviate the performance 
trajectory of an observed system may open very disruptive avenues regarding decision making, performance 
management and more broadly complex system management in unstable environment. 

The objective of bridging the gap between management science and physics is not new but still remains ambitious 
and exciting. If performance spaces could be formally paired with physical spaces, then all laws from motion and 
kinetics could be inherited and used. Forces could be calculated a priori, summed, eventually studied, and 
formalized as laws. Calculating the kinetic energy or momentum of a complex system to define which of the 
identified forces to trigger in order to achieve the targeted performance trajectory, just as a navigator would choose 
which winds and streams to use to achieve the best race, is a clear perspective of this work. 
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ABSTRACT 

Public-Safety Answering Points (PSAPs) coordinate emergency response by gathering critical information from 
911 callers for dispatch to first responders. However, PSAPs fail to gather this information if 911 callers are 
unable, unwilling, or unavailable to report key details about an emergency. To address this problem, early-adopter 
PSAPs employ communication specialists to gather multimedia information from multiple sensing tools, 
including automated alarms, cameras, government databases, location systems, open-source websites, social 
media, and alternative communication channels such as text-to-911. Using preliminary usage data from an early-
adopter PSAP, this study identifies 11 breakdowns in 911 call taking that create opportunities for multisensor 
integration. This study then characterizes use cases for multisensor tools based on usage patterns observed across 
five incident types. These findings highlight multisensor integration as a critical area for crisis informatics 
research. 

Keywords 

Emergency response, sensemaking, public safety, remote sensing, emergency management. 

INTRODUCTION 

In the United States, Public-Safety Answering Points (PSAPs) coordinate emergency response by gathering 
critical information from 911 callers for dispatch to first responders. This information includes the location and 
nature of the incident, details about involved persons, and, when necessary, information about weapons and other 
hazards to citizens and first responders (APCO, 2018; NENA, 2020).  In many cases, the success of the emergency 
response depends on the timeliness and quality of information gathered from a single 911 caller. 

Consequently, because PSAPs rely on one type of sensor—911 callers—they can lack critical information during 
emergencies. For PSAPs to detect an incident, citizens must observe and voluntarily report events by calling an 
emergency telephone number such as 911. After calling 911, citizens must then be able and willing to 
communicate critical information to telecommunicators. Unfortunately, however, some incidents lack 
eyewitnesses while others are reported by callers who lack knowledge about the situation or are physically unable 
to speak due to injury, stress, language barriers, or ongoing responsive actions (e.g., escaping a hazard). Moreover, 
callers may be unwilling to provide critical information if they perceive that doing so risks implicating themselves 
in a crime.  

To compensate for these limitations, early-adopter PSAPs are leveraging Next-Generation 911 (NG911) 
infrastructures that allow communications specialists (or comm specialists) to use multisensor tools to detect and 
characterize incidents that occur in their jurisdictions. Among these, passive sensing tools include: 

• Alarms that automatically notify PSAPs of vehicle collisions, building fires and intrusions, and injured
persons (i.e., personal safety technologies such as Life Alert and Apple Watch).

• Alternative communication channels that allow citizens to send emergency (e.g., text-to-911) and non-
emergency (e.g., ZipWhip) text and multimedia messages to PSAPs.

Comm specialists can also employ active sensing tools to gather information about emergencies that are 
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unreported or underreported by 911 callers and physical sensors such as alarms. These tools include: 

• Cameras that provide PSAPs with real-time imagery of locations and events. These include fixed and
point-tilt-zoom (PTZ) cameras on buildings and roadways, unmanned ariel vehicle (UAV) cameras, first
responders’ body-worn cameras (e.g., Axon), or cameras embedded in 911 callers’ smartphones (e.g., C-
Live).

• Locators that provide PSAPs with real-time location information for connected devices associated with
persons, buildings, vehicles, and other tracked assets.

• Databases maintained by local, state, and federal agencies that provide PSAPs with contact, criminal
history, and other historical information about persons and their assets and interactions with responders.

• Open sources, including social media, that can provide PSAPs with publicly available information
related to persons, locations, and events relevant to emergency response operations.

Employed by comm specialists, these technologies can be regarded as sensors: human-machine subsystems that 
detect and characterize remote events. Working together with 911 call takers and dispatchers, comm specialists 
use multisensor tools to gather and process information for emergency dispatch and response (Grace, 2021). This 
aural, visual, and textual information has been variously referred to as multisource, multichannel, multimedia, or 
multimodal to indicate its collection from multiple, heterogeneous data sources (Algiriyage et al., 2021; Musaev 
et al., 2014; Nalluru et al., 2019). This paper refers to multisensor tools to describe the various NG911-enabled 
technologies that PSAPs are now adopting to detect and characterize incidents in addition to traditional 911 call 
taking and dispatch systems. 

The adoption of multisensor tools confronts PSAPs with several challenges. Overall, PSAP officials need to 
understand the opportunities, workflows, and sociotechnical requirements for multisensor integration in 
emergency dispatch work. Multisensor integration refers to the “synergistic use of information provided by 
multiple sensory devices to assist in the accomplishment of a task by a system” (Lou and Kay, 1989, p. 903). In 
this regard, questions PSAP officials must answer include: 

1. When and how can comm specialists use multisensor tools for emergency dispatch?

2. What competencies and training do telecommunicators require to become comm specialists?

3. How can telecommunicators, including 911 call takers and dispatchers, cooperate with comm specialists
to enhance the effectiveness and efficiency of emergency dispatch and response?

4. What technologies, policies, and protocols are required to coordinate the work of cross-functional
emergency dispatch teams using multisensor tools and information?

This study focuses on question #1 by analyzing preliminary usage data collected by an early-adopter PSAP as it 
began introducing comm specialists and multisensor tools into dispatch operations during the spring and summer 
of 2021. Findings highlight 11 breakdowns in 911 call taking that create opportunities for comm specialists to use 
multisensor tools for emergency dispatch. Findings also outline use cases for multisensor integration based on 
comm specialists’ usage patterns during five types of incidents. 

The following sections introduce research on multisensor integration in emergency dispatch and response before 
outlining the methods of data collection and analysis that resulted in the findings presented in this study. The 
discussion that follows highlights advantages and use cases for multisensor integration in PSAPs that, in turn, 
open directions for future research on questions #2-4.  

BACKGROUND 

PSAPs are undergoing a transformation. Implementation of the Emergency-Services IP Network and NG911 core 
services can allow citizens to call 911 using voice, text, or streaming video, and allow buildings, vehicles, and 
wearable medical devices to automatically provide real-time alarm, telematic, and health data to 911 dispatchers 
(APCO, 2014; National 911 Program, 2019). NG911 infrastructure creates opportunities to gather data from to a 
range of IoT sensor systems, including gunshot detectors, security cameras, and unmanned aerial vehicles, as well 
as open-source information such as social media. Together, these multisensor technologies stand to provide 
unprecedented situational awareness for PSAPs during emergencies (Grace and Kropczynski, 2020). 

These changes create the challenge of multisensor integration: the interdependent use of multiple human and 
physical sensors to gather and process information that a system requires for situated interactions with(in) its 
environment. While multisensor integration typically serves as a theoretical foundation for the design of intelligent 
systems (Lou and Kay, 1989; Oates et al., 1997), the same conceptual advantages and processes define the work 
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of human-machine teams in sociotechnical systems such as PSAPs (Grace, 2021). 

Leveraging opportunities provided by NG911 infrastructure, PSAPs seek to supplement information gathered 
from 911 callers with alternative physical and human sensors. In this regard, multisensor integration offers four 
general advantages over systems that rely on a single information source (Lou and Kay, 1989): i) Redundancy: 
information missing from one sensor can be provided by another sensor. ii) Complementarity: comparing 
information from multiple sensors can reveal insights, including uncertainties, not possible when using 
information gathered from a single sensor or multiple sensors independently. iii) Timeliness: information can be 
gathered more quickly by some sensors than others. iv) Cost: equivalent information can be gathered more 
efficiently when leveraging multiple redundant, complementary, and/or timely sensors.  

While these advantages motivate PSAPs to adopt remote sensing tools, little is understood about when and how 
comm specialists use these tools alongside 911 call takers and dispatchers. On one hand, only a handful of early-
adopter PSAPs employ multisensor tools, limiting opportunities for research on use cases and best practices that 
can encourage field-wide adoption (Grace and Kropczynski, 2020). On the other hand, researchers have 
historically neglected PSAPs despite the critical role dispatch centers play in emergency response and 
management systems (Gardner and McEntire, 2003).  

Existing research appears in fields such as organizational studies, human factors, and emergency management 
(Baber and McMaster, 2016; Furniss and Blandford, 2006; Preusse and Gipson, 2016; Shahrah et al., 2017). These 
studies include research on stress experienced by telecommunicators (Bedini et al., 2017), characteristics of non-
urgent emergency callers (Lehm et al., 2017), factors influencing 911 call volume (Viglino et al., 2017), use of 
visuals in emergency medical dispatch (Linderoth et al., 2019), procedures for the identification of active silent 
callers (Kevoe-Feldman and Sutherland, 2018), and studies that simulate call center workflows (Petitdemange et 
al., 2020; Petitdemange et al., 2020). Except for a few studies that examine the design and use of social media 
monitoring applications in emergency dispatch centers (Boersma et al., 2019), including studies that examine the 
availability of hyperlocal social media data suitable for emergency dispatch (Grace, 2020), and the cooperative 
work and distributed sensemaking required to gather and process information from 911 callers and social media 
users (Grace et al., 2019), few studies look to PSAPs as nexuses for the deployment of multisensor systems, 
heterogenous big data processing, or distributed, human-in-the-loop sensemaking.  

METHODS 

To understand when and how comm specialists use multisensor tools, this study examines preliminary usage data 
collected by emergency dispatch officials in Chandler Police Department (or Chandler PD), located in the City of 
Chandler (southwest of Phoenix), Arizona, USA. The following sections describe the collection, coding, and 
analyses of these data. 

Data Collection 

Over the spring and summer of 2021, Chandler PD trialed its Multimedia Emergency Communications Specialist 
Program, which involved staffing select shifts with both 911 telecommunicators and comm specialists responsible 
for the use of multisensor tools adopted by the PSAP. During these trial shifts, comm specialists were asked to 
complete a short web-based form whenever they used a multisensor tool. The form included fields for the type of 
call (i.e., incident) and multisensor tool(s) used, and a synopsis of the use of the tool(s) during the incident.  

Due to general staffing shortages exacerbated by the COVID-19 pandemic, the PSAP irregularly staffed the comm 
specialist position and, as a result, usage data was irregularly collected during the spring and summer months of 
2021. Furthermore, comm specialists entered inconsistent information into the synopsis field. Some left the field 
blank, while others provided brief notes (e.g., “located suspect”) or detailed descriptions of how and why they 
employed sensing tools. As a result, the PSAP gathered usage data during select periods throughout the year when 
staff were available and data collection activities were compatible with the workload and operational tempo of 
the administrative and dispatch staff. In the conclusion, this paper outlines implications for future data collection 
that would allow a more robust analysis of multisensor tool use than performed in this preliminary study. 

Overall, usage data was collected over three non-consecutive weeks during which comm specialists made 115 
web form submissions (after removing nine submissions with blank synopsis fields) describing their use of 
multisensor tools to help 911 telecommunicators gather and process critical information for emergency dispatch. 
The 115 web form submissions constitute the full dataset and describe the type of incident, tool employed, and 
information need. A subset of 55 submissions with synopses that also describe breakdowns in 911 call taking (and 
not just uses of multisensor tools) resulted in the sample dataset. Significantly, these data provide the first 
opportunity for research into the use of multisensor tools and information in emergency dispatch operations. 
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Data Analysis 

The sample dataset was analyzed to answer the first research question (RQ1): When do comm specialists use 
multisensor tools? The 55 synopses were iteratively coded to identify breakdowns in 911 call taking that resulted 
in gaps in critical information required for emergency dispatch. As previously described, some comm specialists 
submitted brief but detailed synopsis information that explained not only how (i.e., incident, tool, purpose) but 
why they employed multisensor tools. For example: 

Caller reporting a vehicle jumped a curb and was stuck on the median J/W of Galleria/Frye. Traffic 
cameras did not locate anything J/W. Used RapidSOS to confirm where the caller was (breadcrumbs). 
[Via traffic camera] Vehicle was eventually located on Galleria, south of Frye in the landscaping area. 
Provided information to responding units while en route. 

In the coding scheme that emerged, the 911 caller in the synopsis was coded as “unreliable” because the caller 

provided inaccurate information to the telecommunicator: the vehicle was located to the south, not west, of Frye 
Road. In this situation, the comm specialist stepped in to confirm and correct the location of the accident using 
the location service RapidSOS and nearby traffic cameras.  Overall, we identified 11 breakdowns in 911 call 
taking that created opportunities for comm specialists to use multisensor tools. 

The full dataset was analyzed to answer the second research question (RQ2): How do comm specialists use 
multisensor tools? Coding each of the 115 incidents in the full dataset by type of incident, tool, and user goal 
revealed patterns of multisensor tool use (Table 1). Coding involved organizing the multiple call types (e.g., theft) 
into five incident categories (e.g., criminal). The multiple tools and goals identified in the incident synopses were 
also organized into five and three code categories, respectfully. The adopted incident, tool, and goal codes align 
with those regularly employed by the PSAP. Lastly, the categories for each code were summed to describe patterns 
of multisensor tool use observed over the three-week period. 

Table 1.  Usage Data Classifications 

CATEGORY | TYPE DESCRIPTION 

TOOL  

Camera Point-Tilt-Zoom (PTZ) cameras mounted along roadways and on buildings, e.g., shopping mall. 

Database Multiple external (e.g., Accurint) and internal (e.g., CAD/RMS) databases that allow 

telecommunicators to identify subjects, assets, and relatives, and historical data about responder 

interactions with subjects and locations. 

Locator Devices and services used to locate persons, vehicles, or incidents. In particular, PSAPs use 

RapidSOS, a data platform and web-based portal that offers real-time location data for connected 

devices, e.g., smartphones.  

Open Source Publicly accessible websites and social media, including people search websites and utility company 

and state transportation department alert maps 

Miscellaneous All other tools identified by telecommunicators (e.g., Axon) 

INCIDENT  

Alarm Automatic or responder-initiated alarm received by telecommunicators (e.g., building alarm) 

Criminal Criminal offense that requires a law enforcement response (e.g., domestic violence, road rage, theft, 

trespass, etc.) 

Welfare check In-person visit from a first responder in response to a 911 call from a friend or family member 

concerned about the person (e.g., call requesting check on senior citizen living alone) 

Traffic Traffic accidents and roadway hazards that require emergency response (e.g., disabled vehicle) 

Other All other incidents (e.g., missing person, suspicious activity, etc.) 

GOAL  

Awareness Need for situational awareness information (e.g., “Monitored parking lot”) 

Identification Need to identify a person or their assets, relatives, or historical interactions with responders (e.g., 

“Located name of party involved by phone number”) 

Location Need to locate a person or incident (e.g., “Located suspect(s) and relayed location”) 

FINDINGS 
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RQ1: When do Communications Specialists use Multisensor Tools? 

Comm specialists use multisensor tools when 911 callers fail to provide critical information. Comm specialists’ 
synopses of incidents that describe breakdowns in 911 call taking (n=55) highlight nine limitations of 911 callers 
and two limitations of alarms and non-traditional callers as remote sensors. 

Limitations of 911 Callers 

In 15 (27%) of the incidents, unaware callers simply did not know the answer to telecommunicators’ questions. 
Some of these instances resulted when callers could not visually ascertain details requested by telecommunicators. 
For instance, when a caller requesting a welfare check for a neighbor not seen for several days observed “food 

delivery and papers left at the front door,” neither the caller nor the apartment complex could provide “a phone 

number for the subject because the lease was under another name.” In this case, the comm specialist used an 
internal database to locate two possible phone numbers for the subject. 

In 10 (18%) of the incidents, unreliable callers intentionally or unintentionally provided inaccurate or imprecise 
information to telecommunicators. A caller reporting a stolen vehicle “claimed that she had GPS on the vehicle 

and provided an address in Chandler where the vehicle was mapping.” However, the comm specialist searched 
internal and external databases to discover aliases for the caller that linked her to the reported location of the 
vehicle. This information was dispatched to police officers assigned to the call who “were able to question the RP 

[Reporting Person] in depth to determine the report was false.” Unreliable callers are also observed when multiple 
callers reported different information for the same incident. During a traffic collision involving a motorcycle, “one 

party reported CPR [on the injured motorcyclist] was in progress by a citizen while other callers reported different 
information.” To ascertain the situation, the comm specialist “used traffic cameras to verify CPR was not in 
progress” and the injured person “was wearing a helmet.” These details were confirmed by later callers “with the 

victim [who] reported he was alert and speaking.” 

In 7 (13%) incidents, stationary callers speaking from a fixed position could not provide information about 
moving persons, vehicles, and, in one case, a coyote interrupting highway traffic. Conversely, in 2 (4%) cases, 
moving callers reported incidents they passed by while driving, but could not adequately describe the scene they 
observed. In one instance, after a caller reported passing “a male walking in the roadway covered in blood,” the 

comm specialist “used traffic cameras to locate him walking S/B on the sidewalk, stumbling.” 

In 4 (7%) of the incidents, disconnected callers voluntarily hung up or involuntarily lost connection with 
telecommunicators before providing information needed to dispatch first responders. In a case of the latter, a 
“female called from wireless 911, asked for help, provided an address and then disconnected abruptly.” The comm 
specialist used open-source information and a motor vehicle department (MDV) database to identify the caller 
and confirm the address. Responders arrived to discover a domestic violence incident that resulted in an arrest.  

In 3 (5%) cases, telecommunicators failed to gather information from uncooperative callers who refused to 
provide information about the nature, location, or persons involved in the incident. These callers included a 
Chinese-speaking individual who would not provide his name or address to the translator. The on-duty comm 
specialist used an internal database to match his phone number with a possible name and location.  

Alternatively, in 2 (4%) of the incidents, unresponsive callers did not audibly reply to telecommunicators’ 
questions. In addition to people who unknowingly call 911, unresponsive callers include people who are 
physically unable to speak or are in a situation in which speaking may put them in danger. In one case, the PSAP 
received multiple, silent 911 calls from a Non-Service Initiated (NSI) phone—a device with no service plan but 
still able to call 911. The on-duty comm specialist used RapidSOS to confirm a location and locate an associated 
phone number for the parent of the assumed child caller.  

In 2 (4%) cases, lagging callers provided telecommunicators with information slowly, allowing comm specialists 
to quickly look up critical information before the call taker gathered these details from the caller. When the 
location of a traffic collision remained unclear, the comm specialist used nearby traffic cameras “while the call 

taker was gathering information” to locate and “articulat[e] lanes of traffic, obstructions, and notifi[y] officers 

once the vehicles were moved out of the roadway.” 

PSAPs also assist first responders during incidents that go unreported by 911 callers. In 4 (7%) of the incidents, 
the comm specialists answered responder queries for information when 911 callers were unavailable. These 
included requests for the contact information of the parents of an intoxicated minor and the owner of an empty lot 
where homeless people were encamping. In another case, police requested information on vehicles registered to 
a suspect in a criminal damage incident. Using the state MDV database, the comm specialist provided officers 
with a second address associated with the suspect. 
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Limitations of Alternative Sensors 

In 4 (7%) incidents comm specialists used multisensor tools when requests for service were initiated by 
nontraditional “callers” who used alternative channels such as text-to-911 and non-emergency messaging 
services (e.g., ZipWhip). In one case, an “RP sent a text message via ZipWhip that there was a metal drawer in 
the roadway at Price/Ray.” The comm specialist employed a “PTZ [camera] at the intersection… to locate the 

drawer W/B, J/E in the #2 left turn lane.” Alternative channels also include live-stream video links (e.g., C-Live) 
which telecommunicators can send to 911 callers. This occurred during one incident in which a man live-streamed 
video of his wife’s condition after she suffered a seizure while driving away from their home.   

Lastly, in 2 (4%) cases, alarms prompted the comm specialist to use multisensor tools. One case involved the 
activation of a GPS-enabled alarm system used to track high-value merchandise. Tracking the activated device as 
it moved around a shopping mall “before eventually stopping at the [mobile phone] store’s address,” the comm 
specialist used a nearby PTZ camera to identify “a FedEx truck parked at the same location as [the tracked device]. 

FedEx confirmed they were making a delivery to the location which may have included the device that activated.” 

In addition to requests for service initiated by nontraditional callers and alarms, the limitations of 911 callers as 
remote sensors create opportunities for multisensor integration. The following section describes the incidents, 
tools, and goals describing how comm specialists use multisensor tools in emergency dispatch work.  

RQ2: How do Communications Specialists use Multisensor Tools? 

Comm specialists used multiple types of tools during all five types of incidents (Table 2). Each incident type 
involved the use of three or more types of tools. However, some incidents involved the use of more diverse tools 
than others. Criminal incidents involved relatively frequent uses of all five types of tools, while traffic incidents 
and alarms typically involved the use of cameras and location services such as RapidSOS. Deployed in 79 (69%) 
of the 115 incidents, cameras located along roadways and atop buildings (e.g., shopping mall) are the most 
frequently used tool overall and for each type of incident.  

Table 2.  Types of Tools used per Incident 

INCIDENTS CAMERA DATABASE OPEN SOURCE LOCATOR MISC. 

Alarm (9) 5 56%* 0 0% 0 0% 4 44% 1 11% 

Criminal (36) 23 64% 10 28% 4 11% 4 11% 3 8% 

Traffic (37) 36 97% 0 0% 1 3% 4 11% 0 0% 

Welfare check (17) 8 47% 7 41% 0 0% 1 6% 1 6% 

Other (16) 7 44% 7 44% 4 25% 2 13% 0 0% 

Total (115) 79 69% 24 21% 9 8% 15 13% 5 4% 

*Do not add up to 100% as incidents can involve the use of multiple tools  

Furthermore, examining how many tools were used during incidents shows that 80% of all incidents involved the 
use of a single multisensor tool (Table 3). Traffic incidents, in addition to relying heavily on one type of tool—
cameras—are also the least likely to involve multiple types of tools during the same incident. In contrast, criminal 
incidents are more likely to involve diverse and multiple tools than other incident types. It should be noted, 
however, that while comm specialists may primarily rely on cameras during traffic accidents, they often use 
multiple cameras when available. 

Table 3.  Number of Tools used per Incident 

INCIDENT SINGLE TOOL MULTIPLE TOOLS 

Alarm (9) 7 78% 2 22% 

Criminal (36) 26 72% 10 28% 

Traffic (37) 33 89% 4 11% 

Welfare check (17) 14 82% 3 18% 

Other (16) 12 75% 4 25% 

Total (115) 92 80% 23 20% 

 

Goals Motivating Multisensor Tool Use 

Comm specialists used multisensor tools to gather awareness, identification, and location information for all five 
types of incidents. However, the frequencies of these goals vary by incident (Table 4). Observed in 74 (64%) of 
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115 incidents, locating an incident or person was the most common goal motivating the use a multisensor tool(s). 
Traffic incidents, for example, frequently involved the use of cameras to locate the exact position of damaged or 
abandoned vehicles along roadways. However, criminal and other incidents were more likely to require the 
identification of persons. For example, comm specialists looked up information provided by 911 callers in various 
databases to identify the names, vehicle ownership, criminal history, firearm registration, etc. of suspects to 
dispatch to law enforcement officials. 

In contrast, multisensor tools were used to gather situational awareness information in only 30 (26%) incidents. 
However, needs for situational awareness often motivated the use of multisensor tools during responses to traffic 
incidents and alarms. When an automated alarm sounded, comm specialists deployed cameras for “documentation 

of scene details,” such as the presence of suspicious activity. During traffic incidents, telecommunicators again 
deployed cameras to gain awareness of traffic obstructions, ingress/egress routes, and real-time traffic flow 
information. 

Table 4.  Goals Motivating Tool Use 

INCIDENT AWARENESS IDENTIFICATION LOCATION 

Alarm (9) 5 56%* 2 22% 3 33% 

Criminal (36) 2 6% 16 44% 22 61% 

Traffic (37) 16 43% 7 19% 31 84% 

Welfare check (17) 3 18% 6 35% 11 65% 

Other (16) 4 25% 7 44% 7 44% 

Total (115) 30 26% 38 33% 74 64% 

*Do not add up to 100% as tools can be used for multiple purposes

DISCUSSION 

These findings offer a preliminary glimpse into opportunities for multisensor integration in PSAPs that can 
improve the efficacy and efficiency of emergency dispatch and response. These opportunities appear in the use 
cases and advantages of multisensor integration described below.  

Uses Cases for Multisensor Integration in PSAPs 

This study provides preliminary insight into the use cases for multisensor integration in PSAPs. When examined 
according to the types of incidents (n=5), goals (n=3), and tools (n=5) defined in this study, 75 possible 
situations arise in which comm specialists might gather information from a single, alternative physical or human 
sensor to supplement information gathering from 911 callers. As preliminary findings, however, this section 
highlights the most common use cases, based on the two most observed goals, tools, and breakdowns in 911 call 
taking for each type of incident over the three-week period (Table 5).  

Table 5.  Use Cases for Multisensor Integration in PSAPs 

INCIDENT USE CASES 

Alarm Comm specialists used cameras and locators for awareness and location information about events reported 

by automated alarms. In these situations, 911 callers were often unavailable and, as a result, dispatch 

teams looked to gather information from alternative sources. 

Criminal Comm specialists used cameras and databases to locate and identify suspects reported by 911 callers. 

These incidents were often reported by unaware and stationary callers who could not fully identify or report 

the whereabouts of moving vehicles and suspects. 

Traffic Comm specialists used cameras and locators such as RapidSOS to locate disabled or damaged vehicles 

and for awareness of traffic flows and ingress/egress routes for first responders. Traffic incidents often 

involved unaware callers who did not know their location or unreliable callers who reported an incorrect or 

inexact location. 

Welfare check Comm specialists used cameras and databases to locate and identify persons that 911 callers believed to 

be in danger or distress. Welfare checks were often reported by unaware callers who did not know, for 

example, the location of a missing family member or the phone number of an acquaintance. 

Other Comm specialists used cameras and databases to locate and identify suspicious persons reported by 911 

callers, including uncooperative and unresponsive callers (e.g., active silent calls) who failed to provide call 
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takers with requested information. 

Observed across 115 incidents during three non-consecutive weeks, these uses cases offer important but 
provisional insight into emerging patterns of multisensor tool use in PSAPs. Additional and longitudinal data 
collection efforts are required to rigorously examine the relationship between types of incidents and opportunities 
for multisensor integration. This study’s findings motivate these efforts by pointing to advantages of multisensor 
integration that, to be realized, require future studies that can inform the design of systems and protocols necessary 
to perform and coordinate multisensor integration in emergency dispatch. 

Advantages of Multisensor Integration in PSAPs 

Comm specialists use multisensor tools when telecommunicators cannot gather critical information from 911 
callers, citizens using alternative communication channels, or physical sensors such as alarms. This study 
identifies nine limitations of 911 callers as remote sensors, and two additional limitations of alternative physical 
and human sensors that constrain the ability of telecommunicators to gather critical information during 
emergencies. These breakdowns, however, create opportunities for comm specialists to use multisensor tools that 
can be organized according to the four advantages of multisensor integration: redundancy, complementarity, 
timeliness, and cost (Grace, 2021; Lou and Kay, 1989). 

First, multisensor tools provide PSAPs with redundant sources of information when telecommunicators cannot 
gather information from 911 callers. Redundancy is critical considering the limitations of 911 callers as human 
sensors. As observed in this study, 911 callers can fail to provide critical information when unavailable, unaware, 
unreliable, uncooperative, stationary, moving, disconnected, unresponsive, or lagging. Furthermore, this study 
observed that nontraditional callers and automated alarms notified PSAPs of an emergency but failed to provide 
additional, critical information required for emergency dispatch and response. In these situations, comm 
specialists can use redundant physical and human sensors—cameras, databases, locators, open sources and other 
multisensor tools—to actively search for identification, location, or awareness information required by first 
responders. Without these tools, PSAPs must passively wait for traditional 911 callers or non-traditional physical 
and/or human sensors to report this information. 

Second, multisensor tools provide PSAPs with complementary sources of information that create opportunities to 
recognize inconsistencies and uncertainties. This study observed that comm specialists used multisensor tools to 
check, confirm, or correct information gathered from 911 callers. The use of complementary sensors allowed 
PSAPs to identify unreliable 911 callers who intentionally or unintentionally reported inaccurate information to 
telecommunicators. Comm specialists also verified information provided by uncooperative or unresponsive 
callers. Examples include occasions when comm specialists cross-checked names, phone numbers, and addresses 
reported by 911 callers with information available from databases, open sources, and location services such as 
RapidSOS. 

Third, multisensor tools provide PSAPs with timely sources of information that can speed information gathering 
during emergencies. This study observed that multisensor tools can offer more timely information compared to 
lagging 911 callers who, for varying reasons, slowly reported information while on speaking with 
telecommunicators. These occasions saw comm specialists working in parallel with telecommunicators. For 
example, while a telecommunicator asked a 911 caller about injuries she suffered in a car collision, a comm 
specialist gathered situational awareness information to identify traffic obstructions caused by the accident. 

Fourth, the breakdowns in 911 call taking observed in this study suggest that PSAPs may reduce costs of 
information gathering by leveraging the redundancy, complementarity, and timeliness of multisensor tools. 
Particularly during incidents reported by multiple 911 callers, comm specialists can gather timely information to 
prioritize and filter the questions telecommunicators ask subsequent 911 callers. For example, if comm specialists 
can confirm the nature and location of an incident, telecommunicators can question and possibly triage callers 
based on their knowledge of suspects and/or injured persons.  

CONCLUSION 

This exploratory study presents preliminary findings on comm specialists’ uses of multisensor tools in emergency 
dispatch operations. Findings on breakdowns in 911 call taking, and the resulting use cases and advantages of 
multisensor integration in PSAPs, present new opportunities for crisis informatics researchers to engage with 
issues such as the i) coordination of sensemaking within human-machine and cross-functional emergency dispatch 
and response teams, ii) detection and characterization of incidents by intelligent systems that gather and process 
(such as through data fusion) heterogenous data, and iii) design of sociotechnical systems that can support 
processes of multisensor integration in the many command and control centers that, like PSAPs, require real-time 
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situational awareness to coordinate complex emergency and disaster operations. Although these issues remain 
outside the limited scope of this study, they present the broad outlines of research programs required to address 
emergent and near-future challenges of emergency response and management.     
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ABSTRACT 

Organizations affected by a cyber-attack usually rely on external Cyber Incident Response (CIR) consultants to 
conduct investigations and mitigate the impact. These CIR consultants need to make critical decisions that could 
have major impact on their clients. This preliminary investigation aims to get a better understanding of CIR 
decision -making and answers the following questions: (1.) To what extent do experienced CIR consultants use a 
Recognition-Primed Decision (RPD) Making strategy during their work? (2.) What are the implications for cyber 
crisis management as well as for training and decision -making? To answer these questions, we conducted a 
literature review and interviewed six experienced CIR consultants using the Critical Decision Method. Our 
analysis reveals that CIR consultants recognize situations based on past experiences and apply a course of action 
that has worked effectively in the past. This course of action is mainly aimed at collecting and evaluating more 
data. This finding differs from other operational domains, such as the military and fire department, where 
recognition is usually followed immediately by action. For cyber crisis management, this means that crisis 
management teams should decide to what extent and in what ways they want to mitigate the risk of responding 
belatedly to cyber events, which could potentially lead to unnecessary data theft and sustained business disruption. 
Another implication is that crisis management teams should consider whether additional forensic investigations 
outweigh the expected benefits throughout the response process. For instance, if the likely entry-point of the 
attacker has been discovered, how much effort should be devoted to exclude other potential entry-points. 
Reflecting on the status-quo, several implications for training and decision making are provided.    

Keywords 

Cyber Incident Response, Cyber Crisis Management, Naturalistic Decision-making 

INTRODUCTION 

Research and practice increasingly recognize that cyber incidents can not be completely prevented. Therefore, 
organizations must be prepared to deal with potential breaches. This recognition is captured in the concept of 
cyber resilience. Cyber resilience starts with accepting cyber compromise as a likely event with the organization 
suffering as a result (Kott & Linkov, 2021). Cyber resilience then focusses on the ability to make sense of what 
happens after an adverse cyber event and on the preparedness to handle both known and unknown results of such 
a breach (Kott & Linkov, 2021). Contrary to cybersecurity that focusses on the prevention of an attack, cyber 
resilience thus puts the focus on the organization’s ability to absorb, recover and adapt (ibid). In short, cyber 

resilience puts emphasis on the ability of organizations to timely and appropriately respond to adverse cyber 
incidents (Groenendaal & Helsloot, 2021).  

One key element of cyber resilience is Cyber Incident Response (CIR). The term refers to the reaction and 
associated measures in direct response to an IT security incident. It aims to detect the occurrence of an incident, 
contain the impact of the incident as much as possible, and eliminate the threat posed to the organization (Ahmad 
et al. 2021). Large organizations have their own CIR capabilities in diverse configurations. These large 
organizations commonly have a dedicated CIR capability consisting of a Security Operations Center (SOC), which 
can be outsourced or commissioned to continuously monitor, investigate, and respond to cyber threats and 
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incidents. In some of these organizations, the SOC is complemented with a Computer or Cyber Incident Response 
Team (CIRT), which provides additional technical expertise for threat analysis and incident response (Ahmad et 
al. 2021). Nowadays, Computer Emergency Response Teams (CERTs) are deployed in many countries and 
organizations. In Germany, CERTs in the public sector operate on the federal and state level to provide 
information security services for authorities, citizens, and enterprises (Riebe et al. 2021). Small to medium sized 
organizations usually do not have a dedicated CIR capability themselves. In these organizations, CIR is organized 
on an ad-hoc basis and could potentially be carried out by the IT manager, a rather small group within the IT unit, 
or an outsourced IT service provider (cf. Ebbers et al. 2020). 

However, for most organizations it is found that in case of a major cyber incident existing CIR capabilities will 
not be sufficient. Therefore, most organizations rely on external (commercial) CIR service providers to assist 
them. External CIR service providers offer services to organizations that need immediate assistance in analyzing 
(e.g. determining root causes), mitigation (e.g. preventing further damage), remediating (e.g. removing the threat 
from the environment), and recovering (e.g. recovering lost information and reducing future vulnerabilities) from 
suspected or confirmed cyber incidents. Organizations can proactively hire CIR service providers in anticipation 
of potential attacks (e.g. through a contract which could give a discount and guaranteed support) or contact them 
as soon as they become aware of a (potential) cyber incident. 

CIR service providers generally employ highly skilled and experienced CIR consultants focusing on forensic 
analysis, reverse malware engineering, threat investigation, and incident coordination, amongst others. Since these 
CIR consultants are involved in incident response activities on a daily basis and have gained experience in 
numerous different organizations, they are the most experienced professionals in their field. Consequently, much 
can be learned from the way these experienced professionals make decisions under challenging conditions. This 
preliminary research is a first attempt to gain insight into how experienced external CIR consultants make 
decisions, and to draw implications for cyber crisis management, as well as training and decision making. 

In general, CIR consultants operate in a dynamic and constantly changing environment in which they need to 
actively engage in information management and problem solving while adapting to complex circumstances 
(Steinke et al. 2015). In this challenging environment, external CIR consultants are required to make critical 
decisions regarding the advice they should give to clients that are affected by a major cyber incident. They advise 
clients, for instance, whether or not a ransom should be paid in case of a ransomware attack. Additionally, they 
determine when an attacker needs to be removed from the IT network and advise their clients accordingly. The 
consequences of these decisions may be severe, and the decision making process is typically characterized by 
time pressure and uncertainty. Consequently, effective decision making is extremely difficult, but at the same time 
crucial in order to minimize the impact of the cyber incident on the customer (Van der Kleij et al. 2022).  

Despite its relevance, CIR decision making has so far been an understudied topic. Previous research such as 
Ahmad et al. (2021) and Bartnes et al. (2016) has focused primarily on organization and management aspects of 
cyber incident response. Far less scholarly attention has been paid to the way cyber incident responders, 
individually and as a team, assess information and make decisions during their emergency response tasks. 
Consequently, CIR decision making deserves more research attention, as it is widely acknowledged in the 
academic literature that effective cyber incident response requires both professional incident responders and teams 
to take adequate decisions based on sufficiently developed situational understanding of the complex and evolving 
socio-technical environment (Ahmad et al. 2021). 

The study of CIR decision making shows parallels with operational command in other domains. Much research 
has already examined the way in which experts make operational decisions under challenging conditions. This 
research relates to so-called naturalistic decision making, or NDM. According to Zsambok & Klein (1997: 5), 
NDM research examines how experienced people, working as individuals or in groups, react in dynamic, 
uncertain, and often fast-paced environments, identify and assess their situation, make decisions, and take actions 
based on consequences that impact themselves and the organization in which they operate. Recognition-primed 
decision making (RPD) is one of the most prominent models of NDM. It assumes that when under time-pressure, 
experienced decision makers recognize the situation based on a few indicators and apply a course of action that 
has worked before. RPD has been researched in various operational domains, including military, fire service, 
police, emergency health care, and aviation, but not within a CIR context.  
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Aiming to address the identified research gap, this preliminary research investigates RPD within a CIR context 
and will answer the following 2 questions:  

1. To what extent do experienced CIR consultants apply RPD during their work?

2. What are the implications for cyber crisis management as well as for training and decision-aiding?

This paper is structured as follows. In the next section we will give a brief overview of the relevant literature on 
the CIR process, CIR decision making, and NDM. Then we will describe our empirical research methodology 
followed by the empirical findings of our research. We will conclude with the implications of our research for 
cyber crisis management and CIR decision making training and support.  

LITERATURE REVIEW 

CIR Process 

This cyber incident response process aims to mitigate a potential threat, eradicate changes in the environment 
made by the adversary, remove the adversary from the environment, and restore normal operations. In general, it 
mainly consists of three main activities (Freiling & Schwittay, 2007):  

1. Initial response: The main objectives of this step include assembling the response team,
communicating with the client, reviewing network-based and other readily available data, determining
the type of incident, and assessing the potential impact. The overall goal is to gather enough initial
information to enable the team to identify an appropriate response.

2. Investigation: The main purposes in this step are to determine the facts that describe what happened,
how it happened and, in some cases, who was responsible.

3. Remediation: The main objective in this step is to deploy remediation plans which considers factors
from all aspects related to the situation, including legal, business, political, and technical aspects

In practice, several models exist to rely on when developing an incident response plan. The National Institute of 
Standards and Technology has released a Special Publication 800-61 Rev. 2, the ‘Computer Security Incident 
Handling Guide’ to provide an overview of the incident response process. Their model (shown in Figure 1) 
consists of four primary phases: Preparation, Detection and Analysis, Containment, Eradication, Recovery, and 
Post-Incident Activity (Cichonski et al, 2012). 

Previous Research on CIR 

As already mentioned before, cyber incident response remains an understudied area of research. Previous research 
has primarily focused on organization and management aspects of cyber incident response. Ahmad et al. (2021), 
for instance, conducted a single-case study to investigate the role of management practice in developing situation 
awareness of cybersecurity incidents. The authors developed a process model that explains how organizations can 
practice situation awareness of the cyberthreat landscape and the broad business context in incident response. In 
another study, Baskerville et al. (2014) used a comparative case study design to examine the strategic balance 
between prevention and response. The authors designed an overarching security framework that focuses on 
managing the proper balance between these two approaches. Moreover, Ahmad et al. (2012) conducted an 
exploratory in-depth case study to examine deficiencies in the practice of incident response. The case study 
revealed that incident response practices, in accordance with detailed best-practice guidelines, tend to have a 
narrow technical focus aimed at maintaining business continuity whilst neglecting strategic security concerns. The 
study also discovered that the limited post-incident follow-up process focused on ‘high-impact’ incidents rather 

than ‘high-learning’ incidents and ‘near misses’. In another study, Ahmad et al. (2020) draw on organizational 

learning theory to develop a conceptual framework that explains how information security management and 
incident response functions may create learning opportunities that lead to organizational security benefits, 
including increased security risks awareness, removal of flaws in security defenses, and improved security 
response. Bartnes et al. (2016) used an inductive case study research approach to understand the challenges for 
improving information security incident management practices. The authors showed that information security 
incident response training is given low priority and that different types of personnel, such as business managers 
and technical personnel, have different perspectives and priorities on information security. Therefore, the authors 
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called for regular training sessions and systematic evaluations after such sessions. Applying interviews and 
document analyses, Riebe et al. (2021) researched organizational structures, technology use, and the impact on 
collaborative practices in and between state CERTs in Germany. Their findings point out e.g., the “cross-platform 
monitoring and analysis of incident data, use of deduplication techniques and standardized threat exchange 
formats, a reduction of resource costs through process automation, and transparent reporting and tool structures 
for information exchange”. 

Decision Making by Experts under Pressure: Recognition-Primed Decision Making (RPD) 

Experienced professionals are likely to use a recognition-based model of decision making in times where they 
need to make decisions under pressure and uncertainty. This principal finding was encompassed by Klein et al. 
(1986; Klein, 2008) in a model named ‘Recognition-Primed Decision-making’ (RPD). RPD is one of the most 

prominent models of Naturalistic Decision Making and rooted in empirical research of firefighting operations, but 
also successfully describes decision making for doctors, pilots, chess players, offshore incident managers, and 
military officers (Klein, 2008; 2009). 

According to RPD, professionals working under time pressure and uncertainty possess the ability to recognize a 
new situation based on a set of indicators and then subsequently to choose an approach which has worked 
satisfactorily in a similar situation in the past (Klein, 2008). Klein (1993) distinguished between three RPD-
models: (1.) a simple match model, (2.) an action strategy model, and (3.) a complex RPD strategy model. In the 
first and simplest model (simple match), the situation is identified by the decision maker and the most obvious 
reaction is implemented (Klein, 1993). This model is primarily used when the decision maker has limited time. 
The second RPD model (developing a course of action) involves the same simple match strategy as in the first 
model, but the decision maker conducts some conscious evaluation – called mental simulation – of the response 
to uncover problems prior to implementing it (Klein, 1993). This RPD model is more commonly used in case the 
decision makers dispose of more time. The third and most advanced RPD model (complex RPD strategy) is used 
when decision makers, after a deliberate evaluation, find out that the situation does not meet any previous 
experiences. In this case, the decision maker will try to identify the new situation, including the option that is most 
suited for that specific situation (Klein, 1993). 

Although RPD is often an effective decision making strategy considering the challenging conditions under which 
decisions must be made, in certain cases it may lead to unsatisfactory decisions. Two specific scenarios can be 
described: 

1. First, personal recognition may hinder judgment. An experienced professional may think that they are
dealing with a prototypical situation and thus overlook certain (contradictory) indicators. Especially
when working under pressure, the quick situational recognition could impede perceiving conflicting data
points. For instance, if an IT application fails during a so-called change window, a CIR consultant might
intuitively assume that the outage is caused by the change, thus overlooking the less likely possibility of
a deliberate attack (Groenendaal, 2015; Groenendaal & Helsloot, 2016).

2. Second, a lack of detection may occur as a result of the decision maker not having the relevant or correct
experience and/or the (learning) environment does not provide accurate feedback. If the environment
does not provide timely or accurate feedback, it will be impossible for the decision maker to gain reliable
insight into the causality between their actions and consequences thereof (Kahneman & Klein, 2009).

METHODOLOGY 

As empirical research methodology, we have used the critical decision method, a retrospective interview strategy 
developed by Klein et al. (1989) that applies a set of cognitive probes to non-routine or contra-intuitive incidents 
that required expert judgment or decision making. This methodology has been used extensively to explore decision 
making under challenging circumstances but, as far as we are concerned, has not been applied to study cyber 
incident response practices yet. 

Critical Decision Method 

The critical decision method (CDM) was developed for modelling tasks in naturalistic environments, for instance 
in firefighting (Klein et al. 1989). It is a retrospective interview strategy in which a series of cognitive tests are 
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applied to actual, non-routine incidents required expert judgment or decision making (ibid). It is a theory-driven 
strategy based on the assumption that expertise emerges most clearly during non-routine events and focuses on 
these as the prime source of information. Once the incident is selected, the interviewer asks for a brief description 
of the incident. Then, a semi-structured questionnaire is used to explore different aspects of the decision making 
process. According to Klein et al. (1989), the CDM has the following key characteristics:  

• The CDM, like most critical incident techniques, focuses on non-routine cases. Non-routine or difficult
incidents usually provide the most fruitful source of data about the capabilities of highly-skilled
personnel.

• In an interview using the critical decision method, questions always refer to a specifically recalled
incident and decision points.

• Probing in the CDM is not limited to answers that can be objectively validated. Questions sometimes
require the decision makers to reflect on their own strategies and decision bases.

• The CDM represents the middle ground between a completely unstructured approach, such as an
ongoing verbal protocol, and a completely structured, such as a structured interview.

Interview Procedure 

The basic interview procedure of the CDM can be summarized in the following steps (derived from Klein et al. 
1989):  

1. Select incident: Ask the participant to select an incident that presented a particular challenge,

2. Obtain unstructured incident account: Solicit the participant's description of the incident from the beginning
until it is found to be under control,

3. Create a timeline of the incident: Reconstruct the account in the form of a timeline that establishes the sequence
and duration of each event reported by the participant,

4. Decision point identification: Ask the participant to indicate specific decisions on the timeline,

5. Decision point probing: To gather more details on the decisions, we used a questionnaire with the following
questions:

a. Cues: What were you seeing, hearing, smelling?

b. Knowledge: What information did you use in making this decision and how was it obtained?

c. Analogues: Were you reminded of any previous experience?

d. Goals: What were your specific goals at this time?

e. Options: What other courses of action were considered by or available to you?

f. Basis: How was this option selected/other options rejected? What rule was being followed?

g. Experience: What specific training or experience was necessary or helpful in making this decision?

h. Aiding: If the decision was not the best, what training, knowledge or information could have helped?

i. Time pressure: How much time pressure was involved in the decision making?

j. Situation assessment: Imagine that you were asked to describe the situation to a relief cyber incident
responder at this point, how would you summarize the situation? 

k. Hypotheticals: If a key feature of the situation had been different, what difference would it have made in
your decision? 

The Interviews were held in Q1 2021 via MS Teams and lasted between 45-60 minutes on average. As all the 
interviews were conducted digitally via MS Teams, we skipped two steps of the CDM, i.e. the request to the 
decision maker to draft a timeline and plot the relevant decision points (step 3 and 4).  

Participants 

In general, finding participants for cyber incident response research is challenging, and recruiting experienced 
CIR consultants was even more difficult. Worldwide, a shortage of talented cybersecurity experts and particularly 
experienced CIR consultants appears to exist, while the demand for their expertise is high. Consequently, it is 
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difficult to find experienced CIR consultants willing to devote time to participate in such studies. Nevertheless, 
we were able to find six experienced CIR consultants to participate in our research by reaching out to three major 
CIR service providers in the Netherlands. Table 1 provides a list of the anonymized participants, employers, and 
their years of experience. CIR consultant 1 is employed by a CIR provider working for a specific sector 
organization within the Netherlands. The other five CIR consultants that participated in our research are employed 
by an international CIR service provider. 

Table 1: Participants, employers and years of experience in CIR 

Participant Years of Experience in CIR Gender 

CIR consultant 1 (National CIR provider) 5-10 years M 

CIR consultant 2 (International CIR provider 1) 5-10 years M 

CIR consultant 3 (International CIR provider 2) >10 years M 

CIR consultant 4 (International CIR provider 2) >10 years M 

CIR consultant 5 (International CIR provider 3) >10 years M 

CIR consultant 6 (International CIR provider 3) >10 years M 

EMPIRICAL FINDINGS 

Our analysis reveals that CIR consultants recognize situations based on past experiences but tend to wait to act 
until they have gathered and evaluated all available facts. The respondents indicated that they often have a main 
hypothesis but want to collect and analyze all the available evidence before making any decisions. For example, 
CIR consultant 5 elaborated:  

“The entry point of most attackers is usually phishing, a compromised third-party or an exploited 
vulnerability. After a quick assessment of the environment, you know what is going on a high-level. 
But you want to be sure. I don’t want to jump to conclusions.” 

As CIR consultant 1 stated: “My mindset is: maybe I’ve missed something. I need to dig deeper.” Or, as put 

forward by CIR consultant 2:  

“You should always have the feeling that you have not detected everything. The goal is to strive to find 
every possible attack vector before you act. That is why a combination of real time threat intel, 
perseverance, and a good team is conditional for effective cyber incident response. You need to find all 
compromised hosts.”  

Similarly, CIR Consultant 3 noted: “But of course the analysis phase must stop somewhere. I can never be a 100% 

sure that I have identified everything. But you want to minimize the chance that you haven’t found something 

before you act.” Finally, CIR consultant 6 pointed out something similar: “You always want to do as many sweeps 

as possible before you start acting.”  

All respondents mentioned that one of the most difficult and recurring decisions during a major network breach, 
is deciding when to move from investigation to eradication (i.e. removing an attacker from the network and 
implementing security improvements to prevent the attacker from quickly regaining access to the environment). 
In the words of CIR Consultant 2: “When to remove the threat? That is the one-million-dollar question.” 

According to CIR Consultant 4, there are basically three ways of eradication. The first and preferred way is 
incident containment. “This is a strategical surgical strike to the attacker’s ability to access specific resources in 

the environment. The goal is not to disrupt but to surgically limit the organization’s exposure.” The second way 

is described as a game of whack-a-mole. “It is what we describe as the unplanned, iterate, and systematic process 
of blocking the attacker in small little steps as the investigation discovers attacker activity.” The third way is 

disruption. “The aim with disruption is to significantly impede the attacker’s ability to achieve its goals. A 
keyword in this case seems ‘significant’.” All respondents agreed that eradication should be performed in a 

concise 
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and coordinated manner, a ‘single blow’. However, this does not always succeed, which means that whack-a-mole 
or disruption strategies must be implemented. As stated by CIR Consultant 5: 

“I was hired by a customer in South Korea. A large gaming company was breached to steal signing 

certificates. The attacker used a self-propagated backdoor, which basically infected the binaries. You 
can see this as a virus component with a backdoor in it. We were chasing the attacker for months. It was 
playing whack-a-mole. We killed ten infected systems, and 15 more showed up the next day. For us, 
the aim was to defeat the attackers. At one day, we had a meeting with the Chief Operating Officer 
(COO), the executive response for the operations of the company. In hindsight, the COO made a difficult 
but wise decision. The COO said: Let’s stop here. We will stop and rebuild the company's IT 
infrastructure from scratch.” 

All respondents stated that eradication should occur in the striking zone. CIR Consultant 3 indicated that: “You 

can be too early, too late, or just in time. If you eradicate in time, this is what we call the striking zone.” According 

to CIR consultant 4, conducting eradication in the striking zone requires a deep understanding of the extent of the 
compromise, knowledge of the attacker’s tactics, and the ability to reliably detect malware and tools leveraged by 

an attacker. There are several risks involved with starting the eradication too early or too late. According to CIR 
consultant 2, if eradication starts too late there is a risk that the attacker can steal valuable information, which 
could have been prevented, if eradication had started earlier. Or it could result in the attacker installing 
ransomware and encrypting the network, causing prolonged network outage. Furthermore, the attacker may 
become inactive, e.g. stops activities, causing the investigation to lose track. Remedying too early might attract 
the attacker’s attention to the investigation and may cause them to change their tactics, techniques, and procedures. 

This could result in the attacker’s actions becoming invisible or enraged, causing even more systems being 
attacked or disrupted. For us, in summary, the key question is how experienced CIR consultants decide about the 
time when they need to be in the striking zone and about the procedure of the eradication.  

The analysis revealed that all respondents apply the simple-match RPD model when making decisions about when 
to move from investigation to eradication. As a general rule of thumb, the CIR consultants use a ‘watch and learn 

strategy’ which implies investigating as much as possible and learning from the attacker’s behavior. Only if the 

situation is recognized to be threatening (e.g. the attacker is wiping their traces or installing specific malware), is 
eradication considered. In this regard, CIR Consultant 6 mentioned that:  

“You have to make a decision what to do when you get to a client. You have only very little 
information at your disposal. There is a certain degree of time pressure. On the one hand, you need to 
learn the environment and the behavior of the attacker. On the other hand, the client wants you to 
protect its data. My recommended strategy by default is to take time to understand what the attacker 
is doing. You do not want to remediate too early. If the attacker knows s/he is being caught, then s/he 
can hide himself/herself or start disrupting the network. I want to prevent that”. 

CIR Consultant 4 had a similar opinion: 

“My initial strategy and advice to clients would always be to observe and buy as much time as possible 

to learn about the attackers and their modus operandi. By doing this, you have more certainty about 
the size of the breach and a better understanding of how the attacker works. If you remove an attacker 
too early from the environment, you might miss certain entry points which allows the attacker to come 
back without you knowing. By reacting too early, you are essentially teaching the attacker what we 
can and can not see as we play what I call whack-a-mole.” 

In rare occasions, however, the watch and learn strategy turned out to be wrong in the aftermath. CIR consultant 
5 mentioned that:  

“Three years ago, I supported a client in Asia. It was a telco environment. The telco was under attack. 

Attackers had been in the environment for multiple years. When we discovered that, the customer's 
first reaction was ‘please remove the system from the network’, this led to a fierce discussion in which 

we advised the customer not to remove it yet. We wanted more time to search for more indicators of 
compromise. The client agreed with our advice. When I woke up next morning, we discovered that 
the attacker downloaded 500 gigabytes of data during the night via a web shell. This incident led to a 
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difficult conversation with the client. In hindsight, it would have been better to remove that web shell. 
But still, by removing the web shell, you drive the attacker into your blind spot. You are basically 
teaching the attacker what you can see.”  

Although the most common used practice, in the majority of incidents, is observing and learning, there are some 
exceptions which could occur suddenly and require immediate eradication. The respondents stated that there are 
several indicators that could signal an ‘a-typical situation’, in which immediate eradication seems the best option. 
As addressed by CIR Consultant 5: 

“There are several cases in which you need to start eradicating immediately. For instance, if you suspect that 

an attacker is using ransomware and is about to decrypt the systems, quick eradication is recommended. 
Furthermore, if you find out that the attacker has access to ‘nuclear launch codes’, or whatever the equivalent 

is for that specific business, you need to start eradicating. Other reasons to eradicate quickly are when you 
know that you have caught the attacker early on in the intrusion lifecycle or when you notice that the attacker 
is moving out of your radar.” 

When asked how the decision is made to switch from observing and learning to eradicating, most respondents 
cited following their intuition. CIR Consultant 6 mentioned in this regard that:  

“It is an intuitive decision. It also depends per situation. For me, clear triggers that require me to reassess 
the situation are facts that indicate large data exfiltration, a dump of the active directory or indications 
that the attacker is changing his tactics. Then you have to act, even if you don’t have full certainty about 

what is going on.” 

Another example that shows that CIR consultants apply RPD relates to paying the ransom following a 
ransomware attack. All respondents mention that during a ransomware attack, the advice whether or not 
clients should pay the ransom as requested by the attacker is often a challenging situation. As stated by CIR 
Consultant 6:  

“We advised a large media company. The company was hit by ransomware. The impact was huge: more 
than 1000 servers were encrypted and about 6000 employees were unable to work. The primary 
processes of the company were completely disrupted. The client did not know what to do. They 
completely relied on our expertise. They look at us. If we say, you should pay, they will pay. If we say, 
don’t pay, they often do not do it. Of course, in the end, it is the client that makes the final decision. But 

my experience is that they often do what we advise.”  

All respondents indicate that as a general rule of thumb, the advice to clients is to not pay the ransom and 
to find other ways to retrieve or restore the data. CIR Consultant 1: 

 “In 99% of the cases this would be my initial advice based on my experience. Hence, when hired to 

support during a ransomware attack, my initial advice would be not to pay the ransom and investigate 
whether the data could be retrieved in another way.” 

Some of the respondent’s stated that they advise clients to pay a ransom in some particular instances. This 

is the case when the initial recognition of the situation is reassessed after all expectations about the situation 
are violated. For instance, when it appears to be impossible to restore the back-ups or find workarounds 
that enable a quick recovery of the most important business processes. Another instance might bewhen the 
business impact is so significant that the survival of the organization is at stake. When the initial situation 
is reassessed and recognized as ‘hopeless’ and threatening to the survival of the organization, then the 

obvious advice to the client would be to pay the ransom. CIR Consultant 3:  

“If you don’t have any other option and the business is totally disrupted, then I would advise the client 
to pay the ransom. This means that you have assessed all alternatives.”  

Paying the ransom is recognized by CIR Consultant 1, 2 and 5 as an undesirable but effective way to retrieve 
data and quickly bring the organization back in business. But, as explained by CIR Consultant 6, there can 
always be exceptions. CIR Consultant 6:  

“We were hired by a logistics company responsible for food distribution to others supermarkets. Based 
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on our initial investigation, we concluded that the ransomware attack was advanced and it would take 
weeks or even months to get everything back in business. Based on the business context, we advised 
the client to pay the ransom. We received the encryption key from the attacker, but it was not working 
well. Consequently, the client paid a lot of money but much of the data was still unusable. This was a 
worst-case scenario that we rarely encounter. In 99% of the cases, you will get your data back once you 
pay the ransom.”  

ANALYSIS AND DISCUSSION 

In this preliminary research, we investigated (1) to what extent do experienced CIR consultants apply RPD during 
their work and (2) what are the implications for cyber crisis management,  training, and decision-aiding. In order 
to answer both questions, we conducted six in-depths interviews with experienced CIR consultants from different 
countries. The interviews revealed that the respondents use RPD in the sense that they look for clues that describe 
the situation in terms of the type of the cyber breach encountered and then apply a course of action that has worked 
effectively in the past. This course of action seems to be characterized by collecting and evaluating more data in 
a way that depends on the exact cyber breach before initiating further action. In the majority of cases, this course 
of action results in appropriate outcomes, as may be expected from an expert. However, as discussed in the results 
section, we have also seen exceptional situations in which this course of action led to unnecessary data theft and 
damage.  

The finding that CIR consultants would use RPD during their work met our expectations, as we assumed that CIR 
consultants’ work context has much in common with other operational domains such as military, firefighting and 
aviation. However, we were surprised by the fact that the common course of action is characterized by watch and 
learn strategies and buying time. This finding differs from the aforementioned operational domains where 
recognition is usually followed immediately by prompt action (e.g. Groenendaal & Helsloot, 2016).  

The finding above has an important direct implication, i.e. that CIR consultants that confront a cyber breach will 
use the ‘seek more information’ approach as the standard course of action because it is mostly correct. In the rare 

situations that this is not the optimal course of action somebody other than the CIR consultant alerted for the cyber 
breach should decide that immediate action is necessary. 

Implications for Cyber Crisis Management 

During a cyber crisis – i.e. an unexpected event caused by a cyber threat or incident that seriously threatens or 
impacts organizational assets and requires decision-making under time pressure and uncertainty – the cyber crisis 
management team needs to provide strategic direction to the cyber incident response operation. The findings of 
our preliminary research suggest that crisis management teams should decide to what extent and in what ways 
they want to mitigate the risk of responding belatedly to cyber events, which could potentially lead to unnecessary 
data theft and sustained business disruption. First, this implies that the cyber crisis management team must define 
the objectives of the crisis response. If the objective is to get back in business as quickly as possible, then watch 
and learn strategies are not favorable and CIR consultants should be directed to initiate eradication. On the other 
way, if attribution of the attack is deemed important, then watch and learn strategies would be more suitable. 
Second, cyber crisis management teams should set the boundaries for external CIR consultants. These boundaries 
include amongst others what additional data loss or damage is tolerated (if any) and the budget that the 
organization is willing to spend on external CIR services.  

Another implication of our preliminary research is that crisis management teams should consider whether 
additional forensic investigations outweigh the expected benefits throughout the response process. Our findings 
suggest that CIR consultants find it difficult to stop the investigation themselves when not all facts have been 
gathered (e.g. if the likely entry-point of the attacker has been discovered how much effort should be devoted to 
exclude other potential entry-points?) or when the evaluation of facts does not provide a clear picture (e.g. based 
on the investigation it cannot be concluded what data is exfiltrated exactly).  

Implications for Training and Decision Making 

Based on our preliminary research, we would recommend CIR practitioners to take notice of the NDM framework 
and particularly RPD. When training CIR professionals, RPD should be explained, including the exceptions in 
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which this default strategy does not work well. Novice CIR professionals should be taught how to recognize these 
exceptions (e.g. what cues to look for) and what alternate strategies could work in these exceptional situations. 
Finally, several biases related to ‘information hunger’ or ‘information addiction’ (e.g. Helsloot & Groenendaal, 

2011) should be discussed as well. Insights from NDM may be used to improve decision making of CIR 
professionals. NDM insights can be used to develop decision aids or tools to improve decision making. For 
instance, Groenendaal (2015) developed a model of incident command based on NDM insights that could be 
applied to cyber incident response. This model could help leaders of CIR teams to identify vulnerabilities in the 
decision making of team members and provide suggestions to reduce the likelihood of suboptimal decisions. 

Again, according to the RPD model, it may never be expected from an experienced CIR consultant who is alerted 
for a cyber breach and is working on it, to be able to change their course of action. Someone else should decide 
upon this.  

Limitations 

Our research suffers from several limitations and we therefore stress that it should be considered as a preliminary 
study. First and foremost, it should be noted that our preliminary research is based upon a small data set of only 
six experienced CIR consultants. Due to the small data set and non-representative sample, the findings of our 
research have to be validated by more research before they can be generalized. The second limitation is that we 
relied on respondents’ perception of their decision making – which could be flawed, rather than a participatory 
observation of their actual decision making during incident response assignments. Therefore, we recommend for 
researchers to combine various research methods when doing research on CIR decision making like case study 
analysis, interviews and direct observation.  

In addition, we recommend researchers conduct more research to the applicability of other NDM models within 
a CIR context. In this research we focused on RPD, but there are other NDM models that could also be applied to 
gain a better understanding of CIR decision-making, such as the image theory, situation awareness, or explanation-
based decision making. Furthermore, more research is necessary to understand how the team context influences 
decision making. For instance, we assume that team size, team roles, and experience of team members working 
with each other will influence the decision making process and even team performance. 

CONCLUSION 

We conclude that in order to enhance cyber resilience more insight is necessary in CIR decision-making. Our 
research suggests that CIR consultants can not be expected to act directly unless, in the rare circumstance, this 
should be required by the situation. For such situations another decision making mechanism should be established. 
We stress that more research with a larger sample size is necessary to validate our findings.  
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ABSTRACT 

Police officers’ situational awareness during tactical intervention can be crucial for how they act and 
whether they use the correct level of force in extreme situations. This paper presents preliminary findings 
in ongoing research focusing on police tactical interventions and situational awareness. Twenty-one 
police officers were interviewed, and a video sequence of a shorter car chase was used to set the scene in 
the interviews. The interviewed police officers described their tactical decisions applying the standardized 
tactical approach applied in the Swedish police. In the analysis, a focus on how situational awareness is 
gained and how situational awareness is affected by tactical decisions is presented. The study indicates 
that the situational awareness process begins before the actual intervention (pre-intervention phase). 
During the actual intervention, situational awareness is very complex. Technology supporting police 

officers’ cognition, as well as management and control of one or many risk areas, is identified. 

Keywords 

Police, Police tactics, Situational Awareness, Tactical Intervention, 

INTRODUCTION 

The Swedish police carry out around 1.4 million job interventions each year – out which around 30 
are such situations where the police will use their weapons to solve the situation. Even if the ratio 
between the use of firearms and all jobs assigned to the police is extremely low, there is a national 
ambition to further develop the Swedish police tactical approach and the tactical methods applied. Since 
2004 there has been a continuous development of the general tactical approach to increase the safety of 
police officers. The Swedish police have five general tactical methods, aimed to give police officers a fair 
tactical repertoire. All these five tactical methods are developed to create a short time frame that enables 
the police to be aware of the situation and so have a chance to make correct decisions, and is based upon 
a General Tactical Explanation Model. However, there is very little research about tactical 
interventions from a practitioner’s viewpoint. Research primarily from the US shows that interventions 
with suspects, in general, are very dangerous and that it is very difficult to claim that the tactical methods 
applied are responsible for the situations where no one is hurt. For example, thousands of room entries 
have a successful outcome, but it is often the suspect that chooses not to use lethal force that is the primary 
reason for the success (Blair & Martaindale, 2013). During tactical interventions for example, to stop a live 
shooting event, the time police have to make their decisions is very short, and the time to react to a threat 
is low. Time and distance are the key elements for police to succeed in tactical interventions (see e.g. 
Blair & 
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Martaindale, 2013; Blair & Martaindale, 2017; Martaindale, 2021; Sandel, Martaindale, & 
Blair, 2021).  

To understand what to do and to make decisions during police interventions, situational 
awareness have been identified as an important ability amongst police officers. Situational 
awareness has, for police officers, been identified as one of the key factors for the possibility 
to make secure and legally correct interventions and decisions (Andersen & Gustafsberg, 
2016; Andersen, Papazoglou, Nyman, Koskelainen, & Gustafsberg, 2015; O’Hare & Beer, 

2020). In July 2021, a young Swedish police officer was shot dead in a suburb of Gothenburg1 
by a person driving by in a vehicle. This kind of extreme situation shows that often the police 
have limited time to react when a threat quickly arises. In the situation in Gothenburg, the 
police were at the scene to investigate a crime, and at the time talking to a citizen when the 
threat suddenly emerged. This demonstrates why situational awareness is so important, and 
in the extreme, it can be a matter of life and death. Situational awareness is about the cognitive 
process where individuals perceive and understand what is taking place in their environment 
(Endsley, 1995; Endsley, Jones, & Bolté, 2003). For a police officer, aggregated stress can 
negatively affect his/her situational awareness capacity. However, succeeding in increasing 
situational awareness capacity, police officers could make sounder decisions in stressful 
situations, such as correct use of force (shoot or not to shoot) during tactical interventions 
(Andersen & Gustafsberg, 2016).  

In an ongoing large research effort, we are aiming to a) empirically summarize and present 
the General Tactical Explanation Model that serves as basis for the Swedish police tactics, 
b) better understand how police officers apply the General Tactical Explanation Model
during tactical interventions, c) study and understand the interaction between tactics and
situational awareness. In this paper, we present the preliminary findings from this research
and aim to present design implications of technology that should support police officers’

situational awareness capacity. The research does not focus on special police units like
SWAT or Hostage Rescue Units. The research focuses on police officers working in twos in
a patrol car, responding to assignments from the dispatch center, or initiating jobs on their
own.

RELATED RESEARCH AND SITUATIONAL AWARENESS 

In this research, we are interested in better understand situational awareness when it is one 
of the foundations in decision making and some form of performance. Situational 
awareness is defined as “the perception of the elements in the environment within a volume 
of time and space, the comprehension of their meaning, and the projection of their status in 
the near future” (Endsley, 1988). Endsley (1988) clearly states that decision-making is 
separated from situational awareness, but the relationship between the two is clear. 
According to Endsley et al. (2003, p. 14 ), situational awareness can be broken down into 
three levels: 

“- Level 1 – perception of the elements in the environment 
- Level 2 – comprehension of the current situation, and
- Level 3 – projection of future status”

Research on various technologies supporting situational awareness focuses on a longer period 
of time, it is rather about how to manage a crisis and/or emergency efficiently. For example, 
first responders (firefighters) need information for situational awareness to be studied and 
indicate that information can guide the success of a fire emergency response (Li, Yang, 
Ghahramani, Becerik-Gerber, & Soibelman, 2014). Another example is the use of social 
media to better understand a crisis or emergency (Snyder, Karimzadeh, Stober, & Ebert, 
2019). It is very challenging to design technology for first responders that support their 
situational awareness. First, the three main first responders (police, firefighter, emergency 
medical staff) are creating situational awareness differently. For example, the police officers 
mostly acquire situational awareness based on behavioral observations (Sanquist, Brisbois, 
& Baucum, 2016). When designing technology for situational awareness, it is easy to create 
artifacts that distract the first responders from their main task or that distract the drive to a 

1 https://www.svt.se/nyheter/lokalt/vast/polis-mordad-i-biskopsgarden-i-goteborg-detta-har-hant 

[retrieved 2022-01-25] 
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situation after an alarm call (Sanquist et al., 2016). Sanquist et al. (2016) argue that research 
should be carried out “to evaluate the impact of high workload in emergencies upon 

attentional focus of responders” to find out what they pay attention to, and how additional 
data streams affects their focus. Information technology and information distribution when 
stressed is a challenge, for example, studies on the mobile vehicle-mounted terminals used 
by the police, shows that it really affects the police cognitive performance (Zahabi & Kaber, 
2018). Technology for situational awareness has more success when the focus is to create a 
more organizational situational awareness with e.g., aim to coordinate and manage a large 
crisis (Ashish et al., 2008). Drones and body worn cameras are technologies that have been 
used to help police headquarters to understand what a police unit faces during various 
interventions. Such technology supports others’ situational awareness and not the police 

intervening (Milić & Milidragović, 2021). Massive surveillance with cameras could also help 
first responder organizations to detect anomalies and quickly become informed and 
understand what is going on (Trivedi, Gandhi, & Huang, 2005). Situational awareness on 
organizational level to detect threats from terrorists also uses technologies to migrate and 
collect many different situational awareness (Krasmann & Hentschel, 2019).  

RESEARCH METHOD 

This paper is the first presentation of a longer research ambition where the Swedish police 
General Tactical Explanation Model is empirically described, evaluated and tested. This first 
study focused on understanding the level of competence and how the police officers’ current 

understanding of the General Tactical Explanation Model can be understood. This study was 
carried out with support from the Swedish National Police.  

This research has been carried out by two researchers. Both researchers have a background 
as sworn police officers, and both have long experience of tactical interventions and tactical 
work in high-risk environments. They have also served as instructors in weapons, tactics, and 
self-defense. Together, both researchers have over 30 years of police experience.  

The empirical description of the General Tactical Explanation Model have been done with a 
mixed method approach (Johnson & Onwuegbuzie, 2004). We have both used the limited 
text written about the General Tactical Explanation Model which is based on the training 
material POLKON, which is the Swedish police conflict management system 
(Polishögskolan, 2013), the National Basic Tactics (Polishögskolan, 2005), and the book 
“Tactical Edge” (Remsberg, 1986). Beside the literature interviews with four police officers 
that in various ways have been involved in developing POLKON the Swedish police conflict 
management system. The police officers interviewed comes from three different police 
regions in Sweden. 

The part where we study how General Tactical Explanation Model is applied is based upon 
a qualitative approach (Creswell, 2013). The main data collection used has been interviews 
with 21 police officers from one of the seven police regions in Sweden. The police officer 
responsible for coordinating tactical educational efforts in the Police Region North in Sweden 
provided a list of 30 police officers. All officers were individually invited to the study by 
email and encouraged to book a time for an interview. Twenty-one officers responded 
directly, and after the interviews were finished, additional interviews were not found relevant 
for this part of the research. The interviews were carried out in spring and early summer 2021. 
The 21 respondents had between 1 and up to 30 years of operational police work. Due to 
Covid-19, all the interviews were carried out using Zoom as a platform and both researchers 
were present during all 21 interviews. The interviews were recorded and afterwards 
transcribed. The transcribed interviews were later analyzed using Nvivo 12 as help to 
organize the findings. In this paper, the General Tactical Explanation Model served as basis 
for the organization of the findings. The interviews were between 60 and 90 minutes long 
and guided by a questionnaire template. After some more general questions about the 
respondent’s background, police experience, and educational background we started the 
interview with a short video (25 sec). The video was a very short car chase where the 
respondents saw a police car following a covered van into an industrial property by crashing 
through a gate. The short video ended with the van standing still, unable to go further. The 
end scene is seen in Figure 1. After the video ended, the respondents were asked to describe 
how they interpreted the situation, how they should act, and why. This was the intro to the 
rest of the interview where the focus was on tactical interventions, decisions, action, and 
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eventual lack of action. 

Figure 1. End scene of the video used in the interviews 

RESULTS 

In this section we first present the summary of the General Tactical Explanation Model. This 
is followed by the findings from how the police officers solved the tactical intervention 
described above – the General Tactical Explanation Model served to structure the results.   

General Tactical Explanation Model 

In the following section, we describe our interpretation and a summary description of The 
General Tactical Explanation Model which consists of three parts: 

1) Tactical risk and threat assessment

2) Human limitations

3) Thought processes

The goal of the three parts is for the police in intervention situations to get control of the 
situation and be able to solve the situation in a legally correct way and as safely as possible 
for all involved parties. Control in the situation is defined as: “time and own ability to an 

adequate response”. 

Tactical risk and threat assessment 

To gain control and anticipate possible attacks is a requirement to carry out a realistic tactical 
risk and threat assessment and to know where an attack may come from. This assessment is 
based on the definitions of risk area, problem area, and threat assessment. 

• Risk area – where the attack may come from.

• Problem area – always contains one or more risk areas.

• Threat assessment – in the environment, the police officer should anticipate what
can be or become dangerous, what type of attack the officer may be exposed to. It
is important to make a realistic threat assessment based on knowledge of the
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environment, past events, the person/persons encountered, and other factors, such 
as the reason for the intervention. 

Based on these definitions, the police officer should be able to know who and where the 
risks are and focus on these. 

Human limitations 

The “human limitations” are about perception, definition, and reaction. In the event of an 
attack, it takes time to perceive the attack, to react, to define what type or if it is an attack at 
all, and then to act upon it. When attacked, humans have a limited ability to perceive their 
surroundings. This is especially true if you feel that you are in a life-threatening situation. 
The limited perception can make the attacked person only look at the knife, if the person is 
threatened with a knife, but the attention can also be on something else, such as the face of 
the attacker. Perception is also limited if the attention is on something else without a threat. 
Knowledge of these human limitations is essential when assessing whether you have control 
of the situation. In addition, to perceive a situation, a police officer must also understand the 
attack, that is, define whether it is an attack and what type of attack. The third human 
limitation is reaction time. Simple reaction time is a measure of how quickly an individual 
can react to a certain stimulus – for a human is about 0.2 seconds. Based on the police 
officers’ skills and abilities they must assess whether they can handle an attack from the 
identified risk areas utilizing the tactical risk and threat assessment. The “human limitations” 
are affected by various factors such as stress, sound, light, experience, physical status, skills, 
and ability. This means that the specified times can vary from one situation to another and 
from one individual to another. Regardless of situations and individual differences, the police 
officer needs to be aware of the time it takes to perceive, define, and react before he or she 
acts with an adequate response. 

Thought processes 

The thought process is the third part of the General Tactical Explanation Model. Through 
tactical risk and threat assessment, the risks are identified. Based on the knowledge of human 
limitations it is possible to know whether the officer has control of the situation, i.e., is it 
enough time to perceive, define and react to a possible attack. If the answer is "No!", control 
can be established through the thought process. This can be done by starting processes on 
what the counterpart needs to do to attack, and by removing processes that the police officer 
needs to do to have time to adequately respond. The counterpart must, in order to attack, 
prepare and localize the police. To act, the police must also prepare and localize the 
counterpart. In addition, to be an adequate response, it is necessary to define the attack. The 
police should make it difficult for the counterpart to prepare and localize the officer. For 
example, giving the counterparts orders to put the hands in the air or lay down on the ground 
and move to a safer place behind cover. Simultaneously the police officer should facilitate 
for him or herself by preparing appropriately and by locating the counterpart. For example, 
draw their service weapon if it is appropriate and enlighten the counterpart if it is dark. 

Counterpart Police officer 

1. Localize 1. Localize

2. Prepare 2. Prepare

3. Attack 3. Define

- 4. Act with an adequate response

How the police solved the car stop 

In this section, we report the results from the individual interviews. The results are presented 
with thematic headings. The data presented is about how the police officers acted following 
the General Tactical Explanation Model, which is presented above. 

All 21 police officers interviewed in this study seem to be aware of how to act tactically in a 
situation like a car pursuit and vehicle stop that they were shown in the video during the 
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interviews. However, they do not use the terms from the General Tactical Explanation Model 
in POLKON’s training material when describing their actions. The respondents described 
what they should do, why they should do what they did. Depending on how they interpreted 
the situation, their actions varied, but they all had reasons for their choice of actions. To better 
understand the interviewed police officers’ narratives, we have used the themes in the 

General Tactical Explanation Model as thematic headings. 

Tactical risk and threat assessment 

The first part of the General Tactical Explanation Model is the tactical risk and threat 
assessment, which includes being aware of where an attack could come from. Thus, it is 
important to focus on the risk areas. In their accounts of the events surrounding the first 
seconds after the stop, the officers said they should focus on the side of the van where they 
were positioned, i.e., the driver of the police car focused on the left part of the van, and the 
passenger of the police car focused on the right part of the van. Some of the respondents 
discussed the difficulties of knowing what the threat is: 

If I know that he is going to drive this car full of explosives and the 
goal for him is that he is going to drive it into a school and it is going 
to be blown up, then it will be, then you have some other problems. Or 
is it a lurcher (Kalle Kula) that has 5 grams of hashish in the door 
side? So, it is difficult. 

In general, the respondents asked for more information and some of them said that in a real 
situation they would have had more implicit information to use when interpreting the 
situation. 

Another problem that was mentioned in the interviews was that the van was covered and thus 
it is impossible to see into the vehicle. This means that the police cannot know how many 
people are in the car, and interviewees said they cannot know the risks when the vehicle 
stops.  

Human limitations (concept of control) 

The second part of the General Tactical Explanation Model is human limitations, which 
include perception time, definition time, and reaction time. Some of the officers argued 
explicitly that it is important to be aware of the human limitations: “you have to define the 
threat before you can decide what to do and react” or related to control: “it is time to perceive, 
define and act”. This part of the General Tactical Explanation Model is expressed related to 
time by some interviewees, in addition to which the officers want to have time to make the 
right decisions and to gain control. But it is also related to the lack of information in such 
situations as the vehicle stop. One interviewee said: 

You want to have time to be able to define and be able to see what is 
happening. It will be them to us2, that you create time and 
opportunity. You want as high a level of preparedness as possible. I 
had probably drawn my service weapon in this situation. To see what 
comes out of this car. But that is exactly it, to have time and to have 
time to define what is happening in there. That is often what we 
neglect the most, I think. That, when we run to the vehicle then we will 
probably meet someone who wants to escape, most likely but we do 
not know. And there will be a confrontation that will be difficult to 
handle depending on… We know nothing. So that, yes... 

Some interviewees talked about if it is a stressful situation, how they act in a confrontative 
way instead of creating more time, which makes it more dangerous if the driver attack instead 
of an escape. Another interviewee said: 

2 This is a method when the police command the suspect to step away from the problem area to a safe 
area where the police have control, instead of going ahead and confronting the suspect close to the 
vehicle and exposed to the risk areas. 
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it will probably be some kind of “thought error” in the form of 

wanting to start this control that if you sprayed the driver and put him 
on the ground then you have control. But you may not have thought 
about what might happen on the way there. It may only be two 
seconds from getting out of the police car to the perpetrator’s car, but 
it is these two seconds that count. That is when you go from your car 
to his car. 

Thought processes 

The third part of the General Tactical Explanation Model is the thought process, which 
includes putting processes on the counterpart while at the same time taking away processes 
from themselves. A common view amongst interviewees was that they want to see the 
stopped vehicle so they can localize the risk areas and therefore gain control. As one 
interviewee put it: “but considerations that I can imagine, there is a very large focus keeping 
eyes on the target?, that you really do not want to lose visual contact with the car.” One 

interviewee said that an important approach is to use the high beam and light up the stopped 
vehicle. Some interviewees argued that they would move behind the patrol car, while others 
would move forward to the stopped vehicle to gain better control. One interviewee said: 

Out of the police car as soon as possible I do not want to get stuck 
there. There was nothing to indicate any danger, but you do not want 
to rush forward. Personally, I would like to back up a bit and stand 
behind the police car as protection and shelter or if there was 
something near the police car where you can go and just order the 
people in the car. 

Further, the interviewee argued: “If you stand under a good protection or shelter then they 
must find you to attack you”. Another interviewee also argued getting out of the patrol car 

and creating a longer distance to the stopped vehicle. A few of the interviewees used the 
defined terms of where the attack can come from, that is the “risk area”. In addition, the 
interviewees discussed how to be prepared to act in an adequate manner against what they 
perceive and define. For example, one interviewee said: “it is not entirely unreasonable to 
draw the service weapon at that time, depending on other circumstances”. There were some 
suggestions that the best action was to take out the distance to gain more time in relation to 
the people in the stopped car and then try to command them to come to the police behind the 
car outside of the problem area. One interviewee described how the police ordered the 
counterpart: “With their backs facing us so we have control”, and then arrest them behind the 

patrol car and put handcuffs on to gain control of them one by one.  

All interviewees said the patrol car was too close to the stopped vehicle. A small number of 
those interviewed suggested that they would rush forward to the stopped vehicle before the 
driver has time to get out of the car and run. In their accounts of the events surrounding car 
chases those informants argued that most of the time the driver tries to get out of the car and 
run so the best way to gain control is to be a step ahead of that action and be at the driver’s 

door as soon as possible.  

Flexible 

Some of the interviewees were more consciously aware of being flexible in their actions and 
that the situation can change very fast. These quotes visualize how the three themes: tactical 
risk and threat assessment; human limitations; the thought process work together in an 
ongoing circular process:  

I’m not controlling the situation; I do not have the time and ability to 

act in a situation where I stand by the police car at this distance. I'm 
too close, so I have to do something to improve my own possibility to 
gain control. Based on this clip, I would without knowing what the 
background is, if I make the assessment that no one will point a 
Kalashnikov at me, I would use the flexibility and success factors in 
particular order, i.e., speed of movement and surprise to take control 
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of them and take a verbal control and eventually a physical control on 
those inside the van. With weapons or without weapons? Yes, hard to 
say without knowing more than having seen this clip. 

Yes, and this is the difficult thing about being a police officer, I have 
to make these decisions in a split-second and go out into the terrain, if 
I consider it as possible to be able to see and assess and order, it is 
not to be passive, that is to be very active. I've just created myself 
time. But it will be your assessment there in the situation, what is it 
that gives the best effect, what is it that creates the most opportunities 
for me? Is it to take the distance or is it to immediately move 
forward? It's always the balance I have to work with. And it has to go 
very fast and if it has to go very fast, I have to have an understanding 
of why I make those decisions as well. So, I would not say that "I 
always run forward" or "I always hurry to distance myself". 
Sometimes run forward is good other times distance is. But what we 
do know is that we need time to sort things out, so in most cases it's 
better (with distance). 

There were also interviewees that argued for being offensive and rushing forward to the 
driver’s door without being aware of the human limitations in such a conscious way as 
expressed in the above quotes. 

PRELIMINARY CONCLUSIONS – TALK ABOUT DESIGN 

How can The General Tactical Explanation Model be related to the three levels of situational 
awareness by Endsley et al. (2003, p. 14)?  

Level 1, perception of the elements in the environment, is when the police officers above are 
carrying out the tactical risk and threat assessment. In this study, the factors affecting the 
perception most were the time available and the distance to the stopped vehicle. Directly 
when the vehicle stopped, several obvious risk areas were detected by the interviewed police 
officers. The initial challenge is to grasp the situation. In the study, the interviewed police 
officers could reflect on their thoughts, but they also reflected that the real action would have 
been different whether they were the driver or the other officer. The driver naturally has a 
focus on the elements in the environment affecting the driving, and the other police focuses 
on communicating with the dispatch central, reporting what they are doing. Limited focus is 
on the risk area, i.e., the car, when a car chase is short, as there are other necessary tasks to 
carry out.  

Level 2, comprehension of the current situation, according to the officers, this starts as soon 
as the car chase begins. In this study, the real comprehension starts when the car has stopped, 
with the police car close behind. The police officers try to gain control in the situation in two 
main ways, either by taking physical control of the driver or by creating a distance to the 
stopped van. Approximately half of the interviewed police officers explained that their action 
after the van stopped was to directly run towards the driver and make sure he/she could not 
run away or make any threat towards the police patrol. The majority motivated their action 
by not wanting the suspect to run out in what the police officers interpreted to be a forest. 
The other half of the interviewed police officers explained their action as action to create 
distance from the car. These officers also thought that the police vehicle stopped too close to 
the van, and therefore they wanted to increase the distance from the car. Many of them 
explained that they and their partner stepped out of the police car, moved out from the van, 
and created a V, where they could act safely, see Figure 2.  
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Figure 2. How the police officers explained how to create control through distance. 

Level 3 – projection of future status. As explained above, the thought process is part of the 
work to create time and therefore also better potential to increase situational awareness by 
opening up the initial “narrow” view of the stopped van. By creating a distance to the van as 
seen in Figure 2, the officers had the potential to act upon new situations in a safe and secure 
way. They could also see each other and communicate through radio. However, on the 
contrary, the officers that acted directly on the driver of the van were aware that they took a 
risk, and they also left their partner to control all the other risk areas.  

DISCUSSIONS OF NEED FOR DESIGN SUPPORT AND FUTURE RESEARCH EFFORTS 

Situational awareness for first responders and in this study the police officers during tactical 
intervention is challenging. Situations arise quickly and time to understand what is going on, 
for example, competes with the time it takes to report what the unit is doing to the dispatch 
center. In either self-initiated interventions or in interventions directed by the dispatch center, 
a normal procedure is that one police officer drives the car. His/her situational awareness is 
fully focused on the drive and ensuring that the patrol gets to the location safely and quickly. 
This phase could be called a pre-intervention phase in which the police could be supported 
by technology that could detect anomalies in traffic, route the drive, and support the 
communication with the dispatch center. The technology need could be summarized as a way 
to manage a high level of information. During the continuation of this research, we are aiming 
to carry out new data collection to better understand the process of situational awareness 
which includes this pre-intervention phase. Situational awareness probably starts a long time 
before a police unit arrives at a scene.  

In the intervention phase where the police acts and intervenes, we have seen examples above 
of problems with controlling risk areas, such as when the police gained control physically of 
the driver the other police was left to manage many risk areas alone. But another situation 
where for example a police unit talks with a suspect the risk area is 360 degrees, and it is 
challenging to control the suspect and the surrounding areas at the same time. In the coming 
research, we are also going to conduct experiments on how police officers react to threats 
and how this also affects their situational awareness.  

There is a high level of complexity in the situational awareness process for police officers 
and further field studies, interviews, and experiments are needed to be able to draw more 
permanent design implications. However, we aim for the rich description of fieldwork in this 
paper to encourage more practical-oriented groups to start an innovation process. 
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ABSTRACT 

Practice and research collaborations in the disaster domain have the potential to improve emergency management 
practices while also advancing disaster science theory. However, they also pose challenges as practitioners and 
researchers each have their own culture, history, values, incentives, and processes that do not always facilitate 
collaboration. In this paper, we reflect on a 6-month practice and research collaboration, where researchers and 
practitioners worked together to craft a social media monitoring system for emergency managers in response to 
the COVID-19 pandemic. The challenges we encountered in this project fall into two broad categories, job-related 
and timescale challenges. Using prior research on team science as a guide, we discuss several challenges we 
encountered in these two categories and show how our team sought to overcome them. We conclude with a set of 
best practices for improving practice and research collaborations. 

Keywords 

Research, practice, crisis informatics, digital volunteers. 

INTRODUCTION 

The Information Systems for Crisis Response and Management (ISCRAM) community has long recognized the 
importance of collaborations between practice and research (Lorini et al. 2021; Peterson et al. 2018). These 
collaborations provide opportunities for disaster practitioners and researchers to partner to create more holistic 
solutions to emergency management challenges and opportunities. Practitioners bring deep knowledge and 
cultural understanding of the emergency management domain as well as access to the target population. 
Researchers bring the ability and knowledge to conduct systematic research that can make sense of past disaster 
events and inform future disaster research and practice. When these partnerships work well, they can bring benefits 
that neither researcher nor practitioner can realize on their own. However, if the partnership has problems, it can 
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leave misunderstandings, strained relationships, and missed opportunities to bring novel solutions to emergency 
management (Trainor et al. 2018).  

In this paper, we use participant observations and a reflexive process to report on a 6-month collaboration, where 
our team (comprised of researchers and practitioners) worked together to craft a social media monitoring system 
for emergency managers in response to the COVID-19 pandemic. We outline this case study, the challenges we 
encountered related to timescale and job-related challenges when working together, and what worked well. We 
conclude with a set of best practices for others seeking to foster practitioner-researcher partnerships. 

BACKGROUND 

The Divide between Practice & Research 

Tension between practitioners and researchers is not new nor is it unique to the disaster domain. This tension is 
often talked about as the divide between practice and research. We see examples of this divide in many disciplines, 
including foreign policy (Zelikow 1994), health (Owen 1995), education (Coburn and Stein 2010), management 
(Empson 2013), and tourism (Duxbury et al. 2021) among others. Institutions that engage in practice and research 
in these fields are often siloed. They have their own culture, history, values, incentives, and processes that rarely 
encourage or facilitate collaborations with those outside of the institution.  

In the disaster domain, many have reflected on the divide between research and practice (Horita et al. 2017; 
Hughes et al. 2014; Lorini et al. 2021; Trainor et al. 2018). One challenge is the mismatch between job-related 
incentives for the two (Hughes et al. 2014; Trainor et al. 2018). Emergency managers are incentivized to solve 
problems in the present. Researchers are incentivized to study disaster events and phenomena and disseminate the 
results through academic publications. Both things can be at-odds with one another in terms of consequences if 
they fail to accomplish their objectives. For example, while researchers often strive to help the communities they 
study, they are not necessarily rewarded for that type of work and time invested; they are evaluated based on 
research outputs, funding acquired, and teaching and service activities. Practitioners, on the other hand, are not 
evaluated on any of those same outputs; emergency managers are proactive and reactive as they strive to minimize 
risk to lives and property before, during, and after an event with greater sensitivity to the time for actions. Those 
are harshly different evaluative criteria.  

Another challenge is related to timescale and centers on relationship building. Relationships between 
researchers and practitioners need to be built before a crisis, disaster, or emergency event happens because once 
something occurs, practitioners are busy handling the event (Hughes et al. 2014). They do not have time to vet 
researchers and rarely want to inject an unvetted person, process, or technology into their time-sensitive workflow. 
They are focused on responding. For this reason, many research-practice relationships never even begin.  

The mismatch between job-related incentive and timescales can lead to distrust and misunderstandings. 
Practitioners often feel that researchers do not understand their concerns and their work practices, while 
researchers get frustrated that practitioners are unwilling to give them access to the data they want to collect. 
Building mutually beneficial partnerships is key, but those take time, multiple conversations, and low-risk shared 
experiences to build confidence in one another. They need to become a team by developing shared visions, detailed 
action plans, and mechanisms where each collaborator can receive the incentives they need (Duxbury et al. 2021; 
Reback et al. 2002). 

Most research and commentary on the relationship between practitioners and academics in the disaster domain 
focuses on the divide between the two (Fothergill 2000; James 2007; Quarantelli 1993). Trainor and colleagues 
(2018) find this focus on the “divide” to be limiting. Instead, they are optimistic that researchers and practitioners 

can work together well and they document several efforts in disaster science that do just that (Trainor et al. 2018). 
We too are optimistic that this perceived “divide” need not hold us back. To that end, we share our experiences 

and learned best practices when bridging the practice and research divide for this project.  

Team Science: Toward Successful Collaborations 

The National Hazards Center and CONVERGE (Peek et al. 2020), the National Research Council (2014), and 
national funding agencies, such as the National Institute of Health (Bennett et al. 2010), and National Science 
Foundation (2019) have all stressed that interdisciplinary and transdisciplinary teams are essential to address 
major societal problems found in areas like emergency and disaster domains. While organizational and team 
communication scholars have studied teams for many decades, (e.g., Beck et al. 2021), now national funding 
agencies (e.g., Bennett et al. 2010; National Science Foundation 2019) are encouraging the use of team science 
approaches to tackle more complex challenges. In the disaster domain, these convergence-like approaches are 
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viewed as a way to “mitigate the unintended consequences of issuing technical fixes for what are fundamentally 
human problems” (Peek et al. 2020 p. 4).  

Some of the most important factors found in successful interdisciplinary teams include: effective communication, 
meaningful shared goals, clear roles, recognition, ways to handle conflict, feeling empowered to make an impact 
to the work of the team, having reliable team members, and feeling psychologically safe (Beck et al. 2021; Bennett 
et al. 2010; Love et al. 2021; National Research Council 2014). Many of the job-related incentives and timescale 
differences found between researchers and practitioners are like the macro-level challenges faced by 
transdisciplinary teams (e.g., National Research Council 2014). Furthermore, at the micro-coordination level, 
recent research has found that much of the success of interdisciplinary teams is centered around the interpersonal 
relationships between team members; when they know one another and enjoy working together, they are more 
likely to accomplish their scientific objectives (Love et al. 2021).  

Our case study aims to present lessons learned as we identified and strived to address challenges in our 
practice/research collaboration and build a more successful team. Using the prior research on team science as a 
guide to assess and reflect upon our own successes and challenges, we can better understand how to overcome the 
job-related incentives and timescale differences inherent in this researcher/practitioner collaboration. 

THE CASE STUDY: HUMAN-AI TEAMING FOR MINING SOCIAL MEDIA DATA FOR COVID-19 

We began our collaboration in 2018 when we created a framework for finding useful information for emergency 
responders from social media data (Peterson et al. 2019). The framework outlined a series of interdependent steps 
for filtering, processing, and identifying helpful information (Figure 1). When the COVID-19 pandemic started, 
we saw it as an opportune time to implement and evaluate this framework on a live crisis event.  

Figure 1: Framework for Finding Useful Information from Social Media using Human-AI 
Teaming during a Disaster Event and the Benefits to Practice and Research 

The goal of the project was to find information that could be useful to emergency management in the National 
Capital Region (NCR – the metro area surrounding Washington D.C.) of the United States (US) as they responded 
to the COVID-19 pandemic. The project began in March of 2020 and lasted for 6 months. It involved a diverse 
group of researchers (10 from 3 universities), practitioners (3), and volunteers (120). Volunteers came from 8 
Community Emergency Response Teams (CERTs) in the NCR, several NGOs, and students from our universities. 

As shown in Figure 1, we generated keywords in the first phase with the help of practitioners that could be used 
to broadly filter social media data streams. These keywords were then used by a real-time data analytics system, 
CitizenHelper (Pandey and Purohit 2018), to extract potentially relevant data for COVID-19 pandemic from 
online streams of Twitter messages (tweets) coming from the NCR region. The Twitter microblogging service 
provides the ability to collect data streams from a geographically bounded area. We chose to focus on the NCR 
because our practitioners and the lead CERT team working on the project were based in this area.  

Once we had collected tweets that had been filtered at a high-level for relevancy to COVID-19 and the NCR using 
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keyword-based rules, we assigned volunteers to label the data. Volunteers were asked to mark whether the tweets 
were relevant to the COVID-19 pandemic, and then if they were related to preventative measures, risky situations, 
or behaviors. They also labeled whether the messages contained negative or positive sentiment. These classes of 
interest for labeling were determined after speaking with emergency managers in the NCR. The labeled data was 
then used to train a machine learning classifier to automatically classify messages for behaviors of risk and 
prevention related to COVID-19 pandemic response (Senarath et al. 2021). Specifically, we trained two 
classification models, structured hierarchically to first classify the relevancy of a tweet message and then, to 
classify the behaviors of risk and prevention expressed in the tweet. We experimented with different machine 
learning algorithms to train the classification model including Support Vector Machine and Logistic Regression. 
The learned models were based on lexical features and distributional semantics-based neural embedding features 
extracted from the tweet text. The best-performing model for the relevancy classification task had an F1-score of 
0.73 and an AUC score of 0.88 while scores for the behavior classification task were 0.81 and 0.77 respectively 
(Senarath et al. 2021). These performance scores demonstrate the potential for an automated classification ability 
to process tweets at large-scale, yet they also show the complexity in inferring behaviors from natural language 
text using machine learning models alone.  

In parallel, we obtained funding to study how digital volunteers could help sort and sift through social media data 
for disaster response. We conducted interviews with volunteers while they used the above system to label tweets 
(Stephens et al. 2021). Interviews were conducted remotely over Zoom. Volunteers shared their screen with us as 
they labeled data. We asked them to talk aloud as they used the system so that we could understand how they 
labeled messages. Each volunteer labeled a set of 500 tweets. Interviews lasted for 1 hour each, and each 
participant did three interviews in the first round. In a second round of interviews, volunteers were given tweets 
that had already been coded by the trained classification model and they were tasked with relabeling them. We 
conducted a total of 61 interviews during the summer of 2020 for this project including both the first and second 
round of interviews, and we published our online interview and observational protocol along with best practices 
(Stephens et al. 2021). 

METHOD 

Findings in this paper are based on participant observation (Kawulich 2005) as we conducted research and 
participated in this project. We also draw on practices of reflexivity in qualitative research, where the researchers 
(and practitioners in the case of this study) reflect on their own role in the process of being part of the research 
study (Lumsden 2019; Watt 2007). When using a reflexive method, the research is not complete until we, as 
participants in the study, reflect and make meaning of our experiences. This reflection process was aided by 
weekly team meetings over the course of the project where we would discuss and document challenges and think 
on ways to improve our process both for us and for our participants, a practice consistent with best practices in 
team science (Bennett et al. 2010). This paper also afforded the opportunity for us to reflect on the project as a 
whole and what worked well and what did not. The reflexive observations in this paper have been refined over 
time through multiple presentations to both research and practitioner audiences, as well as refinement as we sought 
additional funding to continue our collaborative efforts. The practice of co-writing grants with researchers and 
practitioners has allowed us to sharpen our ideas, develop a shared vision, and focus on improving practice-
research experiences. 

FINDINGS 

Results of this paper are organized around two overarching themes from our study, namely job-related and 
timescale challenges. We do not claim these themes are comprehensive in covering all possible types of challenges 
found in research and practice partnerships. In each section, we reflect on different aspects of these challenges 
and how we sought to overcome them in our practice/research collaboration. We present these themes here. 

Job-Related Challenges 

Two categories of challenges emerged that illustrate how our team worked to overcome the inherent differences 
between the incentives and job responsibilities found in academia and emergency management. First, we look at 
fundamental differences in the ways that researchers and practitioners perform their jobs and the responsibilities 
and commitments that can make collaboration difficult. We then discuss the challenges of creating an equal 
partnership where both researcher and practitioner are respected and realize benefits from the collaboration. 

Overcoming Academic/Practitioner Process Differences 

To conduct research with practitioners, researchers usually need to have their research reviewed by an institutional 
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review board that ensures that the research involving humans is conducted ethically. This review process often 
takes several weeks or more and research cannot begin until it completes. This approval delay can often prevent 
timely research. In the case of this study, COVID-19 was a prolonged disaster that allowed us time to get approvals 
before doing the research. Other disaster types do not have this type of lead time and getting approvals can be 
problematic for conducting timely research. To address this issue, the National Institute of Environmental Health 
Sciences formed a Best Practices Working Group for Special IRB Considerations in the Review of Disaster 
Related Research consisting of a diverse collection of disaster researchers (Packenham et al. 2017). The working 
group documented recommendations to address ethical challenges of research involving human subjects after 
public health emergencies. One recommendation highlights the importance of establishing relationships between 
research and practice (Recommendation 7: IRBs that are likely to receive disaster research protocols for review 
should engage the disaster researcher and responder community prior to disaster events). This recommendation 
is reflective of our experience. Establishing our collaboration early allowed us to respond quickly to the COVID-
19 pandemic with our human-AI teaming project.  

Another challenge we faced is that academic institutions operate around set times where students are on campus 
and times with extended breaks, and these schedules can be very different from industry, government, and 
nonprofit organizations. Students are often integral to projects, providing labor as well as receiving training and 
mentoring in a real-world environment. There is also extreme turnover when involving students in projects, so 
there is constant ongoing training to maintain projects over time. In addition, many bureaucratic rules and 
processes exist that govern how and when students can be actively involved in projects. Researchers must navigate 
these internal processes, while also being responsive to practitioner partners who have very different internal 
processes and labor practices. Our project activities were conducted with heavy effort during summer where 
students generally do not have classes, and thus, they could primarily focus on research work. In addition, our 
research team leads prioritized the matching of students’ ongoing research directions with the activities of project 
goals, which helped us partially overcome this challenge to minimize additional efforts on students’ part. For 
example, one graduate student wrote her Master’s thesis based on her involvement with the project. 

Researchers do not always have control over how and when they receive funding, which means they may get a 
project funded that requires their full-time effort while in the middle of working to build a long-term relationship 
with a practitioner. Working with a team of researchers provides a buffer when these unexpected commitments 
manifest. In our team of four core researchers, we have all worked with the same lead practitioner, at different 
times, and in different ways, to conduct smaller projects and publish together. We have a fluid team structure with 
times of intense collaboration with the full team, and other times when there is less collaboration.  

Establishing Equal Partnerships 

To overcome some of the challenges of blending the varying work practices of practitioners and researcher, we 
found it important that both researchers and practitioners felt like they were contributing to the success of the 
project. We wanted an equal partnership. When making decisions on the project we sought buy-in from both 
researchers and practitioners. We also tried to make our partnership visible to our participants. Researchers 
attended the trainings given by the lead practitioner and they made themselves available and responsive to 
participants. Researchers and practitioners both created thank-you videos and participated in creating materials to 
update the volunteers on the value of their work.  

Communicating about science can be challenging in a transdisciplinary team that involves researchers and 
practitioners, and can often become one-sided with only the researchers presenting and publishing on the work. 
Our team approached this challenge by taking time to teach one another about our specific areas of scientific 
expertise (Bennett et al. 2010). We also shared recognition and credit through co-authoring, and sharing author 
leadership. Specifically, the lead practitioner on our team is the first author on one of our academic articles, and 
every member of the team has been able to demonstrate their expertise through first authorship.  

Timescale Challenges 

Three categories of challenges emerged that illustrate this overarching theme of timescale challenges. We first 
discuss a frequent disconnect, where practitioners are focused on finding solutions to disaster-related problems in 
the present, whereas researchers tend to focus on ways to improve tools and processes for future events. We then 
discuss challenges of reporting progress and results in a timely way. Finally, we share thoughts on staying 
connected and engaged with a team over time.  

Helping Now versus Future Understanding 

Often there is tension between the need to respond to the current event with the best information, technology, and 
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insight possible (the emergency management perspective) and the need to carefully analyze data in a systematic 
way to discover insights that likely will not help until future events (the researcher perspective). This requires a 
different frame of mind than is typical in much research. Much research involves the careful analysis of data; this 
takes time and the results are rarely available quickly.  

In our project we tried to balance this work. As we discovered things that needed to be improved, we made these 
improvements quickly, rather than waiting for formal analysis. One example was the swear word filter. During 
our interviews of participants who were performing analysis on tweets, several expressed surprise and shock at 
the volume of profanity found in the tweets. As a result, as well as the irrelevance of swear words in contextual 
analysis of preventative measures and risk relevant to COVID-19, our system engineers designed a filter that 
replaced a large portion of commonly known profanity with the phrase “[swear word]”. This allowed the 

participants to see there was a swear word previously found within the tweet that had been removed. Despite the 
removal of the profanity, this allowed the volunteer to understand and make sense of the entire tweet without 
having to be disturbed by the harsh language. This was an example of how an AI-based system design 
(particularly, modules for a data labeling task) could be informed and shaped by lessons learned from the 
experiences of practitioners, mediated by the qualitative study approaches.  

We also updated the navigation features on the labeling interface of the system to address struggles that 
participants were having with the interface. Participants provided feedback to the practitioner lead who in turn 
relayed the issues and recommendations for improvements, to the system engineers who quickly made the 
interface changes allowing for a smoother navigation. 

Through our project and the quick adaptations described above, we provided near real-time situational awareness 
on prevention and risk for COVID-19. This allowed for practitioners to mitigate risk, and it provided a tool for 
public information officers to monitor what was happening in the National Capital Region during this event. We 
note that it may not be possible to achieve the same real-time change and improvement described in this project 
for other events. The response phase of many disasters is short-lived. Fortunately, the slow-moving nature of the 
pandemic allowed for more time to implement change in this project.  

Reporting Progress in a Timely Way 

Research can often take years to produce a final published product, which can be frustrating to practitioners and 
participants involved in a project. We learned early in our project that we needed to report progress frequently 
and early to help the practitioners and our volunteer participants feel appreciated and that their time and efforts 
were worthwhile. One way to show our appreciation was to create short videos where the researchers would report 
on what we had discovered in the research and thank the participants for their time. Our lead practitioner also 
contributed to this effort by sharing short presentations with our volunteers that talked about the collective efforts 
of the volunteers and how these efforts were contributing to emergency management. Instead of waiting to share 
results in published peer-reviewed academic venues, we sought to present early insights from our work at 
conferences, seminars, and workshops that facilitate and value the exchange of ideas between practitioners and 
researchers. 

Sharing the results of our work with a larger practitioner audience in a timely way was also important to the 
project. We wanted our work to be helpful to emergency managers and policy makers as they were making 
decisions on how to respond to COVID-19. Over an 8-week period beginning in late March 2020, our work was 
briefed by the lead practitioner at the Federal Emergency Management Agency’s (FEMA) COVID-19 
Crowdsourcing Unit Coordination Meeting. This meeting was conducted twice a week and was attended by 
numerous NGOs around the U.S. who provided updates on their pandemic-related initiatives. We were in 
discussions with a FEMA representative about sharing our best practices and lessons learned with Local 
Emergency Planning Committees (LEPC) in FEMA Region IV. However, FEMA elected to stop conducting the 
bi-weekly coordination meetings and our joint effort with FEMA was not able to be presented to the LEPC. 
Nonetheless, our work received attention in other meetings and forums. For example, in December 2020, we 
presented initial research findings to the White House Office of Science and Technology Policy and the National 
Institutes of Health (NIH) Intra-NIH Disaster Interest Group. 

Engaging & Communicating Regularly 

A common challenge in practice/researcher relationships is a lack of communication and regular engagement 
(Duxbury et al. 2021; Reback et al. 2002; Trainor et al. 2018). To combat this challenge, we had regularly 
scheduled weekly meetings throughout the project. These meetings helped us stay on track and work through 
issues quickly.  

During the project, we had students and researchers “on call” when we were running interviews and the training 
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sessions. They were available to work through issues with the interface or technology that we were using for the 
interviews. We also had mobile phone numbers of those that could do things like reset passwords and make sure 
that participants had the data they needed to login to their system. 

An important part of being an effective team and keeping engagement high is celebrating successes, not only of 
the team, but also of the individual team members. Figure 2 is a photo of our team celebrating when the lead 
graduate research assistant (Anastazja Harris) received her NSF dissertation award, and we have similar photos 
and celebrations for all the major personal milestones our team members achieved. Two members achieved tenure, 
one became a full professor, and our practitioner successfully led a proposal for us to speak at the most prestigious 
emergency managers conference. We could not meet in person, so we celebrated over Zoom with congratulatory 
backgrounds, fun visual effects, and making those accomplishments visible through social media and websites.  

Figure 2: Zoom Photo of Project Team Celebrating when Anastazja Harris (Lead GRA) Received Her 
NSF Dissertation Award 

After the completion of the project, the lead practitioner ordered challenge coins. These coins are imprinted with 
the insignia of the lead CERT organization and act as proof of one’s involvement in a significant emergency 

management effort. Challenge coins were sent not only to the group of CERT volunteers and other volunteers 
associated with the project, but also to the researchers as well. In this way, the researchers were brought into the 
culture of the emergency response community though a shared symbol and token reflecting the success of the 
collaborative effort.  

DISCUSSION 

Many of our team structures and practices have been emergent. We did not sit down as we started to work together 
and create a collaboration agreement, clearly define shared goals, and engage in other activities deemed important 
for effective teamwork as suggested in most team science protocols (e.g., Bennett et al. 2010). We did not even 
know one another as we started building our team, and team members joined at different times throughout the 
three-year timeframe during which we have been working together. But over time, we found that we have shared 
goals, have worked to create opportunities for open communication practices, and we have deep mutual respect 
for one another’s expertise and as a person. We engaged in low-risk prototyping where we co-authored together 
(Hughes et al. 2014; Peterson et al. 2019; Purohit and Peterson 2020)—in small groups and as a full team—before 
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we began this major long-term project. We have had conflict, and through resolving issues, we have developed 
new team structures that have helped sustain us.  

In our practices of presenting our full project together, we have achieved a broad understanding of what all our 
team members do, and any one of us could provide an overview presentation of our project. We did not try to help 
one another become experts in our various fields, but instead, we taught one another about our individual 
disciplines, encouraged questions, and when co-authoring, every member took turns writing and editing until we 
achieved a collective product that was clearer than what a single author could have produced.  

By partnering we were able to do something that we could not have done alone, a goal of convergent-like projects 
(Peek et al. 2020). We provided cutting edge social media monitoring, while also being responsive to needs of 
emergency practitioners and the needs of the people that were labeling the messages. This project creates a 
pathway for similar AI initiatives, and serves as a proof-of-concept for our human-computer workflow. We hope 
to expand this workflow for use in other communities and for other types of disaster events in the future. 

Best Practices for Practice/Research Collaborations 

We examined one successful case study in this paper. While the success of the study could be based on 
circumstances unique to the case (e.g., the COVID-19 study context, the relationships and interests of the 
researchers and practitioners), we nonetheless feel there are lessons that can inform the more general case. We 
offer eight best practices for building and sustaining practice/research collaborations: 

1. Early relationship building: Establish relationships before a disaster occurs, so that your partnership is
ready to work together when the next opportunity arises.

2. Workflow continuity: Include multiple researchers and multiple practitioners as team members so that
if any one researcher or practitioner is overly busy others can sustain the collaboration.

3. Recognition: Share recognition and credit for the project across both practice and research disciplines.

4. Continual team communications: Communicate regularly and establish recurring meetings.

5. Team-building activities: Celebrate both individual and team successes. Create tokens (e.g., coins, t-
shirts, hats, etc.) that symbolize shared experiences and involvement in the project team.

6. Public communications: Coauthor publications and presentations to peers in both practitioner and
researcher communities and venues.

7. Real-time feedback: Find ways to make research results and insights available during the disaster event
of study, so improvements can be made to practitioner processes and tools in real-time.

8. Share insights. Help each other understand and appreciate the different perspectives that team
members bring to the collaboration and teach one another about your expertise.

CONCLUSION 

Forming partnerships between researchers and practitioners promises many benefits. In this paper, we discussed 
several ways of creating and improving these partnerships, such as establishing teams long before a disaster event 
of study occurs, communicating regularly, sharing insights and successes amongst the team, and finding ways to 
bring research findings into real-time emergency management efforts. 

Despite challenges we believe all research/practice collaborations can be done in a way that brings benefit to both 
parties. The results of this study and our list of best practices can help to this end. We hope this paper can be 
useful for practitioners and researchers who are seeking ways to work together and we hope to see more 
practitioner and researcher partnerships in the ISCRAM community. 
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