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ABSTRACT

Managing emergency situations in large buildings and underground structures could be simplified if at any time the 
positions of on-site emergency crews were available. In this paper a system is proposed which combines inertial 
measurements of moving persons with building floor plans tagged with information on semantics to achieve a novel 
level of robust indoor positioning. A speech driven user interface tailored for visualization on head mounted displays 
makes information easily available for action forces. The system is complemented with a self-configurating 
communication network based on novel approaches combining mobile ad hoc networks, sensor networks, and 
professional mobile radio systems to make the locally determined positions available to anybody on-site. 
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INTRODUCTION

Emergency situations in large buildings and underground structures are a challenge for emergency staff as the 
difficulty to overview a scene grows with its size. During the operation information about the incident is collected. 
Almost every piece of information is linked to a location (such as seat of fire, hazardous substances, etc.). Most of 
those information artefacts affect barely mobile objects and their location has to be updated rarely. On the other 
hand, people collecting information and taking action on the scene are highly mobile and the knowledge about their 
actual position is very useful. It is easier to communicate the position of observations, coordination of multiple 
action forces is more efficient and it is easier to direct rescue personal to people who have to be evacuated.

Orientating oneself inside a large building is a challenge on its own. The traditional way of communicating the 
position using voice radio and visualizing it on a pin board contains a lot of overhead and may detract action forces 
from their primary tasks. 

The system presented in this paper aims to take the burden off the emergency crews of orientating themselves, 
communicating their position and keeping track of positions of others. Its main components are (indoor) positioning, 
visualization and a communication facility. While determining, visualizing, and communicating positions is the 
primary goal, there are many other benefits from such a system. Potentially any information traditionally 
communicated using voice radio can be transmitted and visualized with the system. 

The system uses a new approach to enhance indoor positioning with mobile sensors based on inertial technology. 
For many of today’s large buildings electronic floor plans are available. Some of them are already fed into computer 
aided facility management (CAFM) systems and enriched with additional data (positions of fire extinguishers, room 
allocation, etc.). As indoor positioning with today’s inertial measuring units (IMU) is not yet accurate enough, the 
system is designed to improve positioning by a permanent interaction between the mobile positioning sensors and 
floor plans stored in the building information model (BIM). The latter is supplemented with information about 
rooms, stairs, ladders and transitions of rooms and floors. 

The paper describes the indoor positioning technology and the system architecture, presents related research, shows 
achieved results and finally gives an outlook on future work.
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SYSTEM ARCHITECTURE

This paper focuses on the part of the system used during a case of emergency. The preconditions are shortly 
illustrated in this paragraph. The system requires floor plans supplemented with additional data. Additional data 
needed includes transitions between rooms and floors as well as room boundaries. Augmented floor plans with 
information on semantics can be created using commercial CAFM-systems or the necessary information can be 
added as attributes to ordinary computer aided design (CAD) drawings.

The system is composed of four components: position determination, position verification and correction, user 
interface and communication. The position determination reads raw sensor data and therewith computes position 
coordinates. Once computed, a position is verified and corrected if necessary. The verification and correction 
process is based on the tagged floor plans and is designed to require as little user feedback as possible. There are two 
user interfaces. A conventional one to be used on computer terminals equipped with a screen and a pointing device 
(mouse, touch screen) and one to be used on wearable computers with head mounted display and speech driven 
control for action forces. To communicate the location of the mobile units among themselves and to the control and 
command centre, mechanisms from mobile ad hoc networks (MANET) and wireless sensor networks (WSN) are 
fused to build up an optimized communication network.

The following subsections describe the components of the developed computer aided disaster management system in 
detail.
Indoor positioning

Currently, rescue forces in urban areas gain geo-information on buildings and underground structures from 
traditional 2D-floor plans and maps. These may be based on CAD-drawings, CAFM-graphics or geographic 
information systems (GIS). Their effectiveness is limited since these plans and maps do not fulfil the requirements 
of modern disaster management, especially the integration of real-time information. To address this problem, a 
context-adaptive computer aided disaster management system (CADMS) has been developed. A new approach to the 
problem of indoor positioning constitutes the core component of the system. 

Unfortunately, until now there were no mature technologies that are able to compute the current position of human 
beings within buildings with an adequate accuracy, not to mention the special case of indoor positioning during an 
incident. Nevertheless a few techniques approaching the problem of positioning can be outlined.

The signal amplitude of the global navigation satellite system (GNSS) is too weak to correctly determine the 
position inside a building or underground structure. Current receivers with enhanced sensitivity are able to detect the 
position, but this does not work for areas deep inside the building and for subsurface floors. Due to this reason high 
sensitivity GNSS cannot be used in disaster scenarios. Indoor positioning relying on stationary infrastructure is not 
suitable for disaster management because of the fact that this kind of device may be destroyed or affected in some 
other way during the incident. Thus, it is neither an option to apply Radio Frequency Identification (RFID) tags in 
the building nor to work with installed WLAN infrastructure. Further, positioning based on GSM/UMTS 
transmitters close to the real estate is not suitable because of the limited accuracy offered by this technology.

Ultra-Wideband (UWB) yields a relatively high accuracy in positioning when using several 'drop units' that act as 
amplifiers and repeaters to ease the low coverage of a single UWB transmitter. The task of placing these amplifiers 
in the building – which would have to be accomplished by the action forces during the deployment – may detract 
them from their important and extensive job onsite.

For all these reasons positioning in the CADMS is based on inertial navigation and gyro-stabilized measurement of 
earth’s magnetic field. Body-mounted IMUs allow for indoor positioning without preinstalled infrastructure. 
Beginning at a defined starting point in the building or somewhere in its surrounding, the movements of a person are 
tracked by numerical double integration of the sensor's accelerations in three local directions. Transforming the local 
paths into the global system the current position can be determined. Unfortunately, over time the measurement errors 
grow and the exact position cannot be calculated relying exclusively on the technique of inertial navigation. 

To minimize integration errors it is favourable to have short integration periods. This can be achieved if the IMU is 
mounted on the foot. The acceleration signal in the vertical axis triggers the movement recognition. The distances 
parallel to the three global axes are calculated using the shortest feasible period of time, which is defined by one 
footstep. During the short interval of the foot’s rest, zero velocity updates and drift compensation are carried out. 
Though there are IMUs available with wireless option, it is not advisable to mount the IMU on the foot because of 
heat or danger of damage by collision with obstacles in rough environments.

Therefore our CADMS allows mounting the IMU at the hip as well. Specialized algorithms analyzing the movement 
pattern (walking, running, ascending or descending stairs) have been developed. They replace the pure integration, 
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because zero-velocity updates can only be done after longer phases of rest. The correction of noise and drift is 
performed by a comparison of real integration with an assumed step length after each step. A normalized step length 
can be defined as a system parameter taking into account the body size of the user or the restrictions in 
manoeuvrability when carrying heavy equipment. This step length will be adapted during the movement, depending 
on the movement pattern, the moving direction (e.g. curve radius) or the recognized environment (e.g. stairs). 

The accuracy of positioning depends not only on a precise computation of distances, but also on the evaluation of 
the moving directions. Therefore IMUs are equipped with a 3D magnetometer and a 3D gyroscope. Unfortunately, 
the magnetometer can be disturbed by interferences of the earth’s magnetic field. Local interferences (e.g. when 
passing an electric cable) are corrected by the technique of gyro-stabilization, i.e. the variation of the angle per time 
measured by the gyroscope is compared with the change of direction of the magnetic field. If the change of the 
magnetic field direction differs too much from the gyro-angle, a correction is performed. Most IMUs perform these 
calculations already by means of the sensor system.

An unstable absolute value of the magnetic flux density implies disturbances of the earth’s magnetic field and 
deviations of the heading, respectively. In an outdoor scenario the error of position referred to the distance travelled 
equals 0.77 % mean value and 0.10 % standard deviation. Furthermore, in our specific indoor scenario with heavy 
disturbances of the earth’s magnetic field this error increases to 2.11 % mean value and 0.95 % standard deviation. 
These results validate the correlation between the error of position and the stability of the absolute value of the 
magnetic flux density (Glanzer, Bernoulli, Wießflecker and Walder, 2009). Figure 1 shows a test in an undisturbed 
outdoor environment (Xsens MTx IMU, foot mounted), where Figure 2 (left) displays a path within a heavily 
disturbed magnetic field (Microstrain 3DM-GX2 IMU, hip mounted).

Figure 1: Motion tracking with a foot-mounted IMU in an undisturbed magnetic field environment
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Figure 2: Motion tracking with pure integration of accelerations (left) and automatic correction employing the building 

model (right). The deviation of the movement directions results from the disturbed earth magnetic field caused by a 
railway track in front of the building.

Information Fusion

Since the results of such an inertial navigation alone may still not be accurate enough (Beauregard and Haas, 2006), 
or in the case of massive disturbances of the earth’s magnetic field (figure 2), a novel approach is used to improve 
indoor positioning. In our system real-time data gathered by IMUs (figure 5) and information about the building’s 
status collected by the on-site staff are combined with CAFM-data, as shown in figure 4.

The floor plans are tagged with supplementing information and converted into an XML document. This document is 
locally stored on every device allowing for autonomous navigation and fast data access.

On device start-up the current location has to be determined. To accomplish this task, information on semantics like 
the exact position of the entrances of the building, doors and stairs is used. Once initialized, the verification and 
correction module assures correctness of position data.

Each instance of raw position information is examined and checked against information from the BIM. By 
exploiting information on semantics physically impossible measurement results can be detected and partly corrected. 
Comparing consecutive data and knowing the location of room transitions, the position of on-site staff virtually 
entering neighbouring rooms through walls can be corrected. Thus, re-positioning can be done automatically without 
asking the user for interaction, if the information about the building is dense enough and the measurement 
inaccuracy is not too high (figure 3). 

Figure 3: Automatic re-positioning in the domain of a door

At the worst, when the automatic correction doesn’t work properly, the user can communicate his current position to 
the CADMS. He can identify his position by giving information related to his current location which will be 
analyzed, such as a closely located fire extinguisher or intervisibility to specific objects. At this point it has to be 
mentioned that repositioning could also be improved by referencing external landmarks (e.g. RFID tags) or by 
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integration of a HSGPS-receiver. It is previewed to implement these capabilities into the CADMS at a later phase of 
the project.

The detection of changes in altitude is a special challenge. Barometer data are not suitable under disaster conditions, 
because they can change rapidly or be disturbed by heat or high pressures. In the CADMS stairs are recognized as 
objects automatically and with the positioning algorithm even a single step can be calculated properly.

Besides the static CAFM and real-time sensor information, the CADMS can handle status information collected by 
the action forces and highlight blocked routes and the location of hazardous substances on the floor plans.

The output of the verification and correction procedure comprises the corrected position data that are transmitted to 
other network nodes. Figure 2 shows the improvement in positioning accuracy after verification and correction of 
the sensor data in an office building.

Figure 4: Combining CAFM and real-time data for indoor positioning

The previous explanations assume that appropriate CAFM data or at least floor plans are available. This may be 
assumed for at least the important public buildings in industrialized countries. To drive this development forward, 
our research team is member of the IAI (International Alliance for Interoperability) and cooperates in 
standardization of safety-relevant information in building modelling. The IAI is an alliance of some hundred 
organizations dedicated to bring about a coordinated change for the improvement of productivity and efficiency in 
the construction and facilities management industry. In the future, ideally a fireman entering a building will get the 
necessary floor plans automatically from a wireless “data-hydrant” onto his IPS.

In addition, the system is also very useful if no floor plans are present. Only to know in which part of a building or 
in which floor a deployment force is active, is already very useful for operation command. In the worst case, it can 
at least be determined whether someone still moves or is enclosed somewhere.
User Interface

The traditional user interface provides a conventional desktop layout with menu items to navigate on floor plans to 
view the position of different action forces, enter alarm messages to be distributed, as well as command and control 
functions.

The interface used by the action forces within the building is more challenging. It has to be tailored for visualization 
on HMD and operation by speech commands. An HMD with see-through functionality ensures that the additional 
equipment does not interfere with the activities of the rescue teams (figure 5). Another factor to avoid distraction is 
information clarity. Context adaptive information visualization is used to optimize the trade-off between information 
density and clarity (highlighting of rooms, nearby objects, room transitions, etc.).

Indoor Positioning System for Improved Disaster Management

Proceedings of the 6th International ISCRAM Conference – Gothenburg, Sweden, May 2009
J. Landgren and S. Jul, eds



Correcting positions is initiated by the verification and correction module. Designing an additional speech driven 
repositioning procedure in case that the automatic repositioning fails, remains a challenging task, as it has to be fast 
and simple. At the moment the system works with a positioning grid. The user can determine his correct position 
relative to the one shown in his HMD by projecting a coordinate grid onto the floor plan and indicating the grid 
number associated with his current position. He can also designate a special object nearby (e.g. a door) which is 
highlighted by the system thereupon.

Field tests have shown that the speech driven user interaction is vulnerable in noisy surroundings. Further it is 
difficult to handle in situations where the user has to capitalize on surrounding events or ongoing radio 
communication at the same time. The condition of some of our potential users, that instruction e.g. to a fire-fighter 
before he starts his deployment, may not last more than ten minutes, cannot be fulfilled yet. Further research and 
development of the user interface is necessary as it will be outlined in the conclusions.

                           
Figure 5: Inertial Measuring Unit (IMU) and Head Mounted Display (HMD)

Communication

This section presents the concept for the communication infrastructure of the system.  The primary task of the 
communication component is to deliver position information and high priority messages to the relief personnel 
needing it. Furthermore it is expandable to transmit additional data. Examples of high priority messages are alarm 
messages about hazardous substances, blocked escape routes, health status or position of injured persons. High 
priority messages are not addressed to specific interest groups but rather spread across the network. Position 
information may be of general interest too, but it is usually only needed in the command and control centre.  

Figure 6: Network consisting of MANET partitions using  802.11 links connected over a low data rate link
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All devices are equipped with IEEE 802.11g and form a mobile ad-hoc network (MANET). While the general 
setting is typical for MANETs, the data communication pattern is not. The system uses communication protocols 
developed for wireless sensor networks (WSN). If all on-site devices are able to join a single MANET, the whole 
communication is operated over it. In case of network partitioning the system has two fallback mechanisms. The 
first is using a data channel of the professional mobile radio system in use at the relief organization, such as ETSI 
TETRA, having much higher coverage as it uses higher transmit power levels and lower frequencies for 
communication. As those data channels only provide very low data rates (TETRA 28.8 kbps) and there may be other 
systems beside our CADMS system with communication needs, data has to be aggregated before being sent to save 
the scarce resource. In each network partition a mobile node will aggregate the important data of all members of the 
network partition and send it to the command and control centre over this backup link. In cases when even this 
backup link is not available data is temporally stored and transmitted as soon as a link is re-established. 

The network needs to implement quality of service (QoS) mechanisms on different levels. Although the network is 
built up to transmit position information and alarm messages, it suggests itself for other data such as images and any 
kind of data useful for disaster recovery. The QoS mechanisms assure that important data (such as alarm messages) 
is relayed with higher priority than data not necessary (for instance high frequency position updates). If the system is 
running within a single MANET, QoS can be achieved using packet priority mechanisms. Once the MANET is 
partitioned, QoS mechanisms also have to decide how data is aggregated before transmission over low data rate 
links (e.g. lower position sampling rate) or which data is stored to be forwarded on connection recovery.
RELATED WORK

The related work section presents related work in the field of positioning systems and current research results in the 
areas of WSNs and MANETs, which are closest to the communication scenario of the proposed system.

Indoor navigation for pedestrians based entirely on inertial navigation systems is a lively research area (Barbour et 
al. 1992, Gartner et al. 2004, Retscher and Thienelt, 2004). There are many different approaches to solve this 
problem, but none of them is practical when positioning accuracy is concerned (Beauregard and Haas, 2006). 
Techniques taking the propagation time between installed reference points and the mobile nodes into account 
(Niculescu and Nath, 2004) cannot be used by emergency crews as the only source of positioning information, since 
this kind of infrastructure may be unavailable during extraordinary situations. Due to multipath scattering the 
measurement results of prototypical systems relying on this technology are too inaccurate (Ciurana et al. 2007). 
Fingerprint methods (Kaemarungsi and Krishnamurthy, 2004) aren’t suitable in extraordinary situation neither 
because of the disturbed or destroyed environment.

Networks continuously collecting and aggregating data are considered in the research field of wireless sensor 
networks (WSN). Over the past years substantial progress has been achieved in the areas of routing (Liu and Seah, 
2004; Intanagonwiwat et al., 2003), reliable transport and congestion control (Akan and Akyildiz, 2005; Wan, 
Eisenman and Campbell, 2003), and QoS (Wan et al. 2003; Younis et al. 2004). The main focus lay on static 
topologies and low power consumption. More recent research starts shifting its focus on mobile WSNs (Munir et al. 
2007).

It could be argued that mobile WSNs do not differ much from mobile ad hoc networks (MANET). But they do, and 
if systems as the one proposed in this paper are considered, the difference is quite obvious. Traditional MANET 
research (Perkins and Royer, 1999; Karp and Kung, 2000; Guo and Yang, 2007) developed unicast and multicast 
routing algorithms for arbitrary sets of nodes communicating with each other, using intermediate nodes only as 
routers for their data. In WSNs it is common that intermediary nodes process packets before forwarding those 
(Boulis et al. 2003). Another substantial difference between the two fields of research considers the radio device. 
While research in the field of WSN is mostly based on low power radios such as IEEE 802.15.4 or even tries to 
optimize the MAC protocol for its use, MANET research mainly assumes IEEE 802.11 radio devices. 

Based on the above illustrated properties of WSNs and MANETs, it is easy to conclude the proposed system neither 
is a typical MANET nor a WSN application but needs to combine the best of the two fields to deliver the necessary 
characteristics. 
CONCLUSION AND OUTLOOK

Although techniques for positioning and wireless networking are available, functioning systems that combine them 
into a tool assisting the process of commanding emergency crews within buildings are not yet really in practical use. 
Either they are very expensive or too complicated to handle. The developed CADMS uses existing IMUs and 
integrates their results with information on semantics about buildings exported by CAFM applications. This 
approach leads to a handy system with significant improvement in positioning accuracy. Fast developments within 
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the market, like the ones for mobile computers, IMUs and HMDs, will improve the system automatically. New 
perspectives result in the fast development of smart and mobile phones with integrated IMUs.

Future work will concentrate on the refinement of the combination of real-time and CAFM-data to further improve 
positioning accuracy. This includes the integration of the used semantics within the IAI codes for building modelling 
to avoid post-editing of architectural or facility management drawings. Further on the algorithms analyzing the 
movement pattern will be extended to other patterns of rescue actions (e.g. crawling, jumping). 

In 2009 more field tests in heavily disturbed environments will investigate the most appropriate communication 
protocol and improve the user interaction. Efficiency of the latter is influenced by the fact that a rescue worker has 
to control the real scenery and the graphic user interface within his HMD at the same time. HMD with see-through 
capabilities as well as closed models will be tested with different backgrounds (darkness, fire, explosions) this year 
at a test facility of a Swiss fire brigade school. Practical tests of the CADMS hardware in combination with different 
fire brigade or police equipments are planned as well.

The three-level menu structure of the dialogs must be simplified, since actual field tests showed that the reaction 
time is not yet satisfactory when a sudden user interaction is necessary. This is also caused by the speech control, 
which is difficult to handle in noisy environments. The replacement of the speech control by a so called neural 
impulse actuator (NIA) is under test at the moment. NIAs translate electrical biosignals of the body directly into 
computer commands. Today they are mainly used to control computer games and virtual reality applications. A 
headband uses carbon nanofiber-based sensors to provide the highest possible dynamic range for the recording of 
bioelectrical signals that are amplified and digitized and further de-convoluted into computer commands.

Another interesting ability of the CADMS that is not discussed in this paper, is the integration of non-geometric 
building model data into the system, e.g. a static model (Walder, Glanzer, Wießflecker, 2008). When a fire-fighter 
detects a demolished structural element (column, beam, slab, etc.) he can identify and mark this element in the floor 
plan. Automatically, a new structural analysis will be performed, based on the current conditions in the building and 
lacking the collapsed structural elements. Depending of the result of this analysis, the immediate evacuation of the 
building might be recommended.
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