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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.  
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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/ 

826 

https://unity.com/


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 

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/ 
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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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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 
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Hydrant" 

0.5 minutes 

(30 seconds)

Preparing the attack 
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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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