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This study is motivated by the need for a micro-geographic information system (GIS) to represent and

analyze 3D spatial data for the plotting of fire-fighting search and rescue routes within buildings. The

GIS uses a 3D geometric network model (GNM) and the Dijkstra algorithm to consider smoke

movement during different times of a building fire. Therefore, the route calculation algorithm can

avoid routes through heavy smoke within buildings. In addition, when firefighters must search an area

to find victims, the GNM and Ant Colony Optimization are applied to find the shortest path that passes

through each room of the area. Finally, the GNM is implemented to perform a search and rescue route

analysis from an actual underground station. The proposed method can not only provide the shortest

safe route within a building but can also minimize the time required to search for potential victims.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The fire-fighting operations of public fire departments provide
important aid to fire victims, helping to save lives and prop-
erty [1]. Fires tend to spread rapidly once they start and can cause
major damage in short periods of time. A delay in the arrival of
fire and rescue services of even 5 or 10 min can significantly
increase the amount of fire damage or make the difference
between life and death [2]. Recently, geographic information
systems (GIS) have been used to site fire stations optimally to
shorten the response times to fire scenes [3]. However, when a
fire occurs, the complex internal structures of buildings and traffic
congestion on the way to a fire may also make pedestrian
evacuation or rescue operations difficult. Thus, emergency
response teams require optimal routes not only for street trans-
portation but also within buildings [4]. At the scene of a fire,
unfamiliarity with the interior of a building may affect a fire-
fighter’s ability to fight a fire. Familiarity can be established by
navigating through a virtual model of the space.

Recently, the use of GIS with extended 3D visualizations has
been expanding. However, most spatial analyses are still in the 2D
domain. Lee and Kwan [5] used a 3D geometric network model
(GNM) to perform shortest-path analyses. However, this model is
limited because it must be integrated with a 3D visualiza-
tion system to allow the manipulation and exploration of
ll rights reserved.

; fax: 886 34254908.
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geo-referenced virtual environments to enhance applicability.
Further, the GNM does not account for temporal variations (e.g.,
movement of smoke at different times during a building fire). To
develop real-time emergency response applications, this model
should be able to integrate dynamic data such as the location of
smoke and flames and the evacuation status.

Wu and Chen [6] suggested a spatio-temporal analysis method
for finding fire-fighting rescue routes that could quickly locate a
destination and show the shortest path within a building. Their
3D GNM accounted for smoke movement during different times
of a building fire. This method can be used to perform a shortest
safe path analysis for a known destination within a building.
However, the destination is sometimes unknown at the scene of a
fire. Firefighters must search for and rescue victims in this
situation. In a burning building, the quicker a properly executed
primary search is completed, the better the chances are of finding
victims alive [7]. Searching is one of the most potentially
dangerous activities at the scene of a fire. Firefighters are usually
working in close proximity to fires without a hoseline. Visibility is
often near zero, and the environment is excessively hot [8].
Because of the limited operating time in a building, the key to a
successful search is the speed with which firefighters can com-
plete tasks [9]. Therefore, an algorithm to find the shortest path
that passes through each room of a searching area is necessary in
this situation.

The aim of this study was to develop a method to generate a
3D GNM from 2D building plans. The proposed method uses a 3D
GNM with the Dijkstra algorithm to consider temporal variations
during different times of a building fire; these variations are used
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to perform a shortest safe path analysis for a given destination
(e.g., the location of a fire or victims). When firefighters plan to
search an area to find victims, the GNM and Ant Colony Optimi-
zation are performed to find the shortest path that passes through
each room of an area. In addition, the 3D GNM is integrated with a
3D visualization system to visualize optimal paths. This system
could be used by firefighters to gain familiarity with a building.
Finally, the GNM is implemented to analyze search and rescue
routes from an actual underground station. The developed
method can be used by firefighters to quickly locate destinations
and to show the shortest safe paths within a building. This can
reduce response times. In addition, in a real fire situation, the task
of finding one’s way in a building is a challenge when there is
little or no visibility as a result of smoke or power failure. The
proposed routes can be used as a navigation tool for firefighters in
this emergency situation.

The remainder of this article is structured as follows. Section 2
describes the methodology, and Section 3 outlines the case
studies with two scenarios. Conclusions and future work are
discussed in Section 4.
2. Methodology

The main models include two parts. The first part is the data
model, which includes the 3D GNM and 3D floor structures. The
second part is the simulation and analysis model. In this study, 2D
Computer-Aided Design (CAD) floor maps are used to construct
the 3D GNM and 3D floor structures. The 3D GNM is performed
for optimal path analysis, whereas 3D floor structures are added
for 3D visualization. In addition, 2D floor maps are used as
building geometry data for fire simulations. The simulation
results can be used as temporal data in the optimal path analysis.
Finally, a 3D viewer is used to display the 3D GNM with optimal
paths. Fig. 1 depicts the framework developed in this study.

2.1. 3D Geometric Network Model (GNM)

The Node-Relation-Structure (NRS) proposed by Lee and Kwan
[5] is a topological data model that represents the adjacency,
connectivity and hierarchical relationship between 3D entities in
graph theory. In the NRS, nodes are the basic unit, and edges are
used to define the relationships between them. The NRS is the
basis of the GNM and the combinatorial data model (CDM). In
Fig. 1. Framework of this study.
Lee’s approach, the CDM utilizes the Poincaré Duality to simplify
the complex spatial relationships between 3D objects. Three
dimensional objects in primal space (e.g., rooms) are mapped to
vertices (0D) in dual space. The common 2D face shared by two
objects is transformed into an edge (1D) linking two vertices in
dual space, representing adjacency and connectivity relationships
(Fig. 2). Adjacency relationships among objects in 3D space are
represented as a dual graph, G¼(V(G), E(G)). A graph G consists of
two sets: a finite set of vertices and a finite set of edges. In this
study, there could be two types of edges, unidirectional and bi-
directional, according to their status in buildings.

Because the CDM only represents topological relationships, it
does not contain metric information (e.g., size or distance). To
perform a shortest path analysis, the CDM must be transformed
into the GNM in geometry space. Fig. 3 shows an NRS for
representing topological relationships among 3D units. In this
study, we developed a method to generate a 3D GNM directly
from building plans in geometry space, as shown in Fig. 4.

Two dimensional polygon layer data are derived from 2D floor
maps, which are used as the digital blueprints of a building
(Fig. 5). The polygon layer data are divided into four parts: stairs,
rooms, hallways and others. For rooms and stairs, the locations
(x- and y-coordinates) of the nodes are derived from the centroids
of polygons; the z values of the nodes are obtained from elevation
drawings. For a simple polygon P with n vertex vectors (x1, y1),
(x2, y2),y,(xn, yn), where (x1, y1)¼(xn, yn), the area of the polygon
is determined with Eq. (1), and the x- and y-coordinates of the
centroid are calculated with Eqs. (2–1, 2–2).
Fig. 2. Principle of Poincaré Duality.

Fig. 3. An illustration of the node-relation structure.



Fig. 4. Framework for developing 3D GNM.

Fig. 5. (a) 2D polygon layer data and (b) 2D floor map.

Fig. 6. Projection of a point onto an edge.

Fig. 7. Connectivity of 3D spatial units: (a) horizontal and (b) vertical.

Fig. 8. 3D GNM of a building.

Fig. 9. (a) 2D floor map and (b) 3D floor structure.
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Area of a polygon
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For the mapping of hallways, Yao and Rokne [10] and Lee [11]
provided an algorithm for computing the medial axis of a simple
polygon. However, this algorithm must be improved to define the
medial axis of a complex polygon. In the proposed method, the
medial axes are drawn to represent the routes (edges) of the
hallways. Each node representing a 3D spatial unit is connected
with its doors. Each node that represents a door is then projected
and connected to the medial axis when there is a connectivity
relationship. As shown in Fig. 6, the projection point P0 of a point P

onto a medial axis (edge) L is the intersection of the edge L and
the edge perpendicular to the edge L through the point P. The
distance from point P to edge L can be determined with Eq. (3),
and the coordinates of projection point P0 can be calculated with
Eqs. (4–1, 4–2). Fig. 7(a) shows the horizontal connectivity with
the 2D polygon layer. In the case of an emergency such as a fire,
the usage of elevators inside buildings is excluded; therefore,
vertical connectivity is defined only by the location of stairways
(Fig. 7(b)). Finally, we can construct a 3D GNM of the building
using these nodes and edges (Fig. 8).

Distance from a point P to an edge L

distanceðP,LÞ ¼
9axpþbypþc9ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2þb2
p ð3Þ

Coordinates of the projection point P0

x1 ¼
ðbðbxp�aypÞ�caÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2þb2
p ð4� 1Þ

y1 ¼
ð�aðbxp�aypÞ�bcÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2þb2
p ð4� 2Þ

In this method, node and edge data are stored in a database,
and attribute queries can be performed to find attribute data,
thereby taking advantage of Structured Query Language (SQL).
A node consists of an identifier, 3D position data (x-, y- and
z-coordinates), a floor, a name, smoke density and walking speed.
An edge contains an identifier, a start node, an end node, a name,
a length, walking speed and traversal time. Lengths are the
distances from start nodes to end nodes, whereas walking speed



Table 1
Basic structure of a 3DS file chunk.

Offset (Relative address) Length (Bytes) Description

0 2 Chunk ID Head (6 bytes)

2 4 Chunk length

6 n Data Main body

6þn m Sub-chunks

Fig. 10. Flowchart of shortest safe path analysis.
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is the average speed of the start and end nodes. Traversal time is
computed by comparing walking speed with edge length.

2.2. 3D floor structure

The 2D floor maps (e.g., walls and columns) are extruded
according to their height values to create 3D floor structures
(Fig. 9). These structures are added in the 3D view for geometric
representation not for path calculation. The creation of 3D floor
structures could be used by firefighters to gain familiarity with
buildings.

In the proposed method, 3D floor structures are saved in 3DS
(3D Studio) file format. A 3DS file is a 3D format used by Autodesk
3D Studios. It contains mesh data, material attributes, bitmap
references, smoothing group data, viewport configurations,
camera locations and lighting information, and it consists of
blocks of data, called ‘‘chunks’’, that contain an ID and length
description. Chunks store the shape, lighting and viewing infor-
mation that represents a 3D scene. Chunks are not liner struc-
tures, rather, they are nesting structures (i.e., one main chunk
includes a number of sub-chunks, which has sub-sub-chunks).
Each chunk has a head and a main body. The head has two parts:
an ID and the chunk’s length (to provide the location of the next
main chunk). The chunk’s data are recorded in the main body.
Table 1 shows the basic structure of a 3DS file chunk. The first two
bytes of the chunk are its ID. The next four bytes contain an
integer that is the length of the chunk, including its data, the
length of its sub-blocks and the 6-byte header. The next bytes are
the chunk’s data (n bytes), followed by the sub-chunks (m bytes),
in a structure that may extend to several levels deep.

2.3. Fire simulation

A variety of models have been used to simulate fires. The
proposed method uses the Fire Dynamic Simulator (FDS) devel-
oped by the National Institute of Standards and Technology (NIST)
to predict the potential fire and smoke scenarios. The simulation
results can be used as temporal data in optimal path analyses.

The FDS is a computational fluid dynamics (CFD) model of
fire-driven fluid flow. It solves numerically a form of the Navier–
Stokes equations appropriate for low-speed, thermally driven
flow, with an emphasis on smoke and heat transport from fires
[12]. The inputs of the FDS contain information about the
numerical grid, ambient environment, building geometry, mate-
rial properties, combustion kinetics and desired output quantities.
In the proposed method, 2D floor maps are used as building
geometry data for the fire simulations. In addition, the potential
fire locations in the building are also regarded as input data
(building geometry) for the fire scenarios. The FDS computes the
temperature, density, pressure, velocity and chemical composi-
tion within each numerical grid cell at each discrete time step. It
has various types of output files to store computed data. One such
output is 3D smoke data at fixed time intervals, which contain
alpha values to draw semi-transparent planes that represent
smoke and fire. The alpha parameter is used by OpenGLs to
blend smoke planes with the current background, which changes
with time. It is pre-computed by the FDS using Beer’s law with Eq.
(5), where Dx is the grid cell size, k is the mass extinction
coefficient (7600 m2/kg) and s is the soot density [13]. Because
most fire fatalities are caused by smoke inhalation and toxic
combustion gases [14], we use soot density (s), derived from alpha

values in Eq. (5), as the temporal data in optimal path analyses.

alpha¼ 1�expð�ksDxÞ ð5Þ

2.4. Optimal path analysis

Once the 3D GNM is generated, two algorithms perform the
optimal path analysis. The GNM can be used to perform a shortest
safe path analysis using Dijkstra’s algorithm [15] for a given
destination within a building. When firefighters must search an
area to find victims, the GNM and the Ant Colony Optimization
are applied to find the shortest path that passes through each
room of an area.

2.4.1. Dijkstra’s algorithm

Because the start node (entrance) and the end node (destina-
tion) are known, to calculate the shortest safe path from the start
node to the end node, Dijkstra’s algorithm is executed in the 3D
GNM with temporal smoke density data. Smoke generated from a
fire reduces visibility, which in turn, reduces the walking speed of
humans. Korhonen and Hostikka [16] conducted experiments to
determine the effect of smoke density on the walking speed of
humans using Eq. (6), where Ks is the extinction coefficient and
the values of the coefficients a and b are 0.706 m/s and
�0.057 m2/s, respectively. The average walking speed v0

i is
1.5 m/s, whereas the minimum walking speed v0

i,min is 0.1v0
i . In

this study, we use soot density (s), derived from alpha values in
Eq. (5), as the temporal data in optimal path analyses. Once the
smoke density (s) of a node is given, the extinction coefficient
(Ks¼k� s) is obtained, and the walking speed of a node can be
derived from Eq. (6). Therefore, the traversal time of an edge can
be calculated by comparing the walking speed with the length of
a given edge. Fig. 10 shows the shortest safe path process in a
flowchart.

v0
i ðKsÞ ¼Max v0

i,min,
v0

i

a ðaþbKsÞ

( )
where Ks ¼ ks ð6Þ

Dijkstra’s algorithm is used to find the shortest path between
any two vertices in a weighted graph, in which each edge has a
non-negative edge weight (distance). For a graph G¼(V, E), the
algorithm for computing shortest paths visits all nodes of G



Fig. 11. 3D floor structures of the underground station (target building).
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located non-negative distances from a given source sAV. There-
fore, the algorithm maintains a priority queue Q, for which the
key of a node u is given by the tentative distance to s, denoted by
d[u]. During initialization, all tentative distances, except for s, are
set to N, whereas s is inserted into the priority queue with a key
of 0, d[s]¼0. Then, for each iteration, the node u with the
minimum key is extracted from the queue, that is, the node u is
settled, and all edges (u, v) AE are relaxed. Relaxation of an edge
is done by determining if the following inequality holds:
d[u]þ len(u, v)od[v], where len(u, v) denotes the edge weight of
(u, v). If it holds, the path via u yields an improvement on the
distance from s to v. Thus, v is either added to Q, or if vAQ, its
priority is decreased. The algorithm stops as soon as all nodes are
settled. However, if we are only interested in the distance from s

to a given target t, we may stop the algorithm as soon as t is
settled.

The Dijkstra algorithm is one of the best approaches for
optimally solving the simple shortest path problem for which
all edges have non-negative distances [17]. In the proposed
method, the distance is replaced by the weight calculated with
respect to the traversal time computed by comparing walking
speed with edge length. The time interval for performing the
shortest safe path analysis is 0.6 s (i.e., the smoke density, walking
speed and traversal time may change with the time). Therefore,
the route calculation algorithm is more realistic and can avoid
routes through heavy smoke within buildings.
Fig. 12. Movement of smoke on level B1.
2.4.2. Ant Colony Optimization

To search an area for potential victims, the GNM and the Ant
Colony Optimization are applied to find the shortest path that
passes through each room of the area; this is the traveling
salesman problem (TSP). The TSP refers to a type of problem
designed to help a salesman, starting from his hometown, who
wants to find the shortest path that takes him through a given set
of customer cities and then back home, visiting each customer
city exactly once [18]. Dorigo and Gambardella [19] developed an
artificial ant colony strategy to solve the TSP. Simulations show
that an artificial ant colony is capable of generating good solu-
tions to both symmetric and asymmetric instances of the TSP.

Ant Colony Optimization was developed based on the observa-
tion that real ants are capable of finding the shortest path from a
food source to the nest by exploiting pheromone information.
Given n cities with distance dij between each pair of cities {i, j},
the artificial ants are distributed randomly to the n cities. An ant k

in city i chooses to visit city j according to the probability in
Eq. (7), where tij is the intensity of the pheromone trail between
cities i and j, a is the parameter to regulate the influence of tij, Zij

is the visibility of city j from city i, which is always 1/dij. dij is the
distance between city i and city j, b is a parameter that regulates
the influence of Zij and allowedk is the set of cities that have not
been visited yet.

pk
ij ¼

½tij �
a�½Zij �

bP
s A allowedk

½tis �
a�½Zis �

b jAallowedk

0 otherwise

8<
: ð7Þ
Table 2
Taipei railway station layout.

3F–6F Taiwan railway administration offices (646 rooms)

2F Retail level

Ground level Lobby

B1 Concourse

B2 Platform
Initially, l ants are randomly placed in n cities. Each ant decides
the next city to visit based on the probability pk

ij given by Eq. (7).
After n iterations, every ant completes a tour. The ants with
shorter tours should leave more pheromone than those with
longer tours. Therefore, the trail levels are updated as each ant
leaves a quantity of pheromone given by Q/Lk, where Q is a
Fig. 13. 3D GNM with level B1 structure: (a) original route and (b) alternate route.
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constant, and Lk is the length of its tour. In addition, the
pheromone will evaporate over time. The updating rule of tij

can be written according to Eqs. (8)–(10), where t is the iteration
counter, rA ½0,1� is the parameter regulating the reduction of tij,
Dtij is the total increase of trail level on edge (i, j) and Dtij

k is the
increase of trail level on edge (i, j) caused by ant k. After the
pheromone trail updating process, the next iteration tþ1 begins.
The iteration counter t is also the stop criterion.

tijðtþ1Þ ¼ r� tijðtÞþDtij ð8Þ

Dtij ¼
Xl

k ¼ 1

Dtk
ij ð9Þ

Dtk
ij ¼

Q=Lk if ant k travels on edgeði,jÞ

0 otherwise

�
ð10Þ
Fig. 14. Time history plot of smoke layer height on the origin route.

Fig. 15. The searching a
3. Case studies

The system is established in a Cþþ and OpenGLs environment.
It consists of two modules: a data generation module for gen-
erating a 3D GNM from building maps and a 3D viewer module
for displaying and analyzing the 3D GNM with optimized routes.
When a fire occurs in an underground space, there will be
problems for fire-fighting operations as a result of factors such
as uneasy access, the presence of toxic smoke and difficulties
associated with searching and evacuating victims [20]. Therefore,
the target in this study was an underground station of the Taiwan
Railways Administration located in Taipei City, Taiwan. The
station is a six-story building with a waiting area on level B1
and platforms on level B2, as shown in Table 2. Fig. 11 shows the
3D floor plan of the Taipei station. Two scenarios are provided
below to illustrate the use of the 3D GNM with the Dijkstra and
Ant algorithms for analyzing optimal paths within a target
building.

3.1. Fire scenario I

Suppose that a fire occurs near an exit on level B1. Smoke
spreads rapidly and fills the floor. One man is hurt as he escapes.
He uses his cell phone to call the emergency number and tell
firefighters where he is. Before the firefighters’ arrival, the brigade
officer uses his mobile device to obtain a clear view of smoke
movement based on the temporal data created by the FDS
(Fig. 12). He asks the firefighters with breathing apparatuses to
rush to the location of a victim. Because the start node (the
location of the firefighters) and the end node (the location of the
victim) are known, Dijkstra’s algorithm and temporal smoke
density data are used in the 3D GNM. The system shows the
original route (the green line) from the location of the firefighters
to the location of the victim at the beginning of the fire, as shown
in Fig. 13(a). As the time passes by, the smoke spreads rapidly and
fills the floor. Because the heavy smoke reduces visibility (i.e., this
reduces the walking speed and increases the traversal time), the
system shows an alternate route (the green line) to the destina-
tion after 395 s (Fig. 13(b)). According to the layer zoning device,
the smoke layer height drops rapidly on the origin route at this
moment (i.e., the origin route is full of smoke, which is not safe for
firefighters). Fig. 14 shows the 600 s time history plot of smoke
rea of the 4th floor.
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layer height on the origin route. The time complexity of Dijkstra’s
algorithm is O(M log N), where M is the number of edges, and N is
the number of nodes. In this case, the number of nodes is 1579,
and the number of edges is 1786. The computational time is a few
seconds.
3.2. Fire scenario II

Suppose that the exit is still on fire. Firefighters expect that
other people may be inside the building. Therefore, the fire-
fighters with breathing apparatuses decide to search the floors
that are on and above the fire. One rescue team at Stair 9 on the
4th floor is asked to search the area around the stair, as shown in
Fig. 15. In Fig. 15, the start point (the blue dot) is the location of
the firefighters (Stair 9), and the red line indicates the searching
area. Although there are 12 rooms to be visited (i.e., there are 12
rooms in which potential victims may be located), the name of
the start point (the location of the firefighters) is input into the
system, and the results indicate the search order, as in Table 3.
The run time of the Ant Colony Optimization is O(tln), where t, l
Table 3
Search order for the 4th floor.

Stair 9 -R4172 -R4171 -R4168 -R4173

-R4174 -R4151 -R4056 -R4177

-R4002 -R4009 -R4053 -R4152 -Stair 9

Fig. 16. 3D GNM and the searching area on the 4th floor.
and n denote the iteration number, number of ants and number of
cities, respectively. In this case, the number of cities (nodes) is 13,
and the Ant Colony Optimization is run for 1250 iterations using
20 ants according to the method proposed by Dorigo and
Gambardella [19]. The calculated shortest path is 242 m, and
the computational time is a few seconds.

To validate the simulation result, we used the 3D GNM to
search 4th floor, as shown in Fig. 16. In Fig. 16, the red points
represent the nodes of the GNM, whereas the blue lines signify
the edges of the GNM. Fig. 17 shows the search order of that area
with a green line. The results show that the 3D GNM matched the
building geometry. In addition, the search order was reasonable,
given the shortest route for each room in that area.
4. Conclusions and future work

This article promotes the usage of 3D spatial information in
an integrated system for firefighters in the response and the
preparedness phases. In the response phase, saving lives in building
fires depends on locating fires quickly, attacking them aggressively
and reaching occupants who may be trapped in a building’s interior.
The method developed in this study can be used by firefighters to
quickly locate destinations (e.g., the location of a fire and potential
victims) and to show the shortest safe paths to and from a
destination within a building. This can not only reduce response
times to accidents but also minimize the search times required to
find potential victims. In the preparedness phase because conduct-
ing fire drills in modern buildings under realistic fire conditions can
be difficult [21], this study provides a virtual fire drill environment
in which local fire departments can simulate fire-fighting opera-
tions. The virtual environment can provide a variety of fire-fighting
scenarios for instruction and evaluation that are more realistic than
verbal or written materials and that incur fewer risks and expenses
than fighting real fires.

The system developed in this study can be implemented on a
laptop. Recently, mobile devices such as Personal Digital Assistant
(PDAs) and cell phones have become popular. With the develop-
ment of the functions of mobile devices, further system avail-
ability is expected. There are some limitations that must be
remedied. First, more sophisticated scenarios must be employed,
and more parameters must be considered. In this study, when
level B1 filled with heavy smoke, the system showed an
alternative route to the destination. In future work, we hope to
develop an evacuation simulation using a Fire Dynamic Simulator
with Evacuation (FDSþEvac) [16]. The simulation results can be
used to analyze firefighting rescue routes in accordance with the
temporal data to make the rescue route calculation algorithm
more realistic. This can help to avoid heavy smoke and traffic
jams within buildings. Second, the ‘‘intelligent Building Response’’
(iBR) project is working to obtain sensor information from
buildings. This real-time data can be used by firemen, police
officers and others when responding to a building emergency
[22]. Although intelligent buildings were originally developed for
purposes other than emergency responses, they can aid building
incident response teams by sharing data related to the status of a
fire and the security and control systems in a building and by
connecting responders to outside commands. Therefore, we may
find ways to integrate intelligent building systems with our
system in the future. Third, this model can be integrated with
an outdoor GIS system (e.g., a ground transportation system) for
use by emergency response teams. Therefore, the proposed routes
would be for street transportation and for use within the build-
ings, and this could significantly improve the overall speed of
firefighting and rescue operations.



Fig. 17. Search order (green line) for the 4th floor area. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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