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三維空間資訊於建築物火災搶救模擬之應用

摘

要

消防單位已使用地理資訊系統以縮短緊急事故之反應時間。然
而，起火建築物內部之複雜結構將使得火災搶救及人命救助工作在緊
急情況下更加困難。本研究乃基於一個微型地理資訊系統以分析及展
示三維空間資訊用於建築物火災消防搶救模擬。首先，從二維建築圖
中產生三維幾何網路模型用於室內之路網分析。其次，應用建築資訊
模型於地理資訊環境中以提供一個具幾何與語意資訊之三維可視化
虛擬環境。此外，加入雲梯車於三維環境中以模擬雲梯車之佈署及操
作。最後，本研究乃用於執行真實建築物火災搶救之模擬。本研究可
以提供消防人員尋找建築物內部之最佳救援路徑，並減少消防人員搜
尋火場受困者的時間，且幫助消防人員迅速佈署雲梯車，以縮短緊急
應變之反應時間。

i

3D spatial information for fire-fighting simulation of building fires

ABSTRACT

Fire departments already make use of geographic information
systems (GIS) to reduce the response time in case of incidents. However,
the complex internal structure of buildings on fire may make search and
rescue efforts difficult in emergency situations. This study was motivated
by the need for a micro GIS to represent and analyze 3D spatial data for
fire-fighting simulations of building fires. A method was developed to
generate a 3D geometric network model (GNM) from 2D building plans.
This model performed network-based analysis within a building. In
addition, the applicability of the building information model (BIM) in
geospatial environments could provide a 3D visualization environment
with sufficient geometric and semantic information about the buildings.
Virtual ladder trucks were added in the 3D environment to simulate the
positioning and operations of aerial ladders. Finally, the GNM model was
implemented to perform fire-fighting simulations based on actual
buildings. The proposed method can provide a tool to assist firefighters to
find the optimal path within a building, minimize the search time for
potential victims, and help firefighters quickly locate their ladder trucks,
so as to reduce the response time after an incident.
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Chapter 1. Introduction

1.1 Motivation

Building fires are big threats to the safety of both building occupants and firefighters,
and they can result in significant property damage (Li et al., 2014). The public fire
department is an important aid for victims of fire, and its successful operation very
closely relates to the protection of people’s lives and property (Deng et al., 2001).
After a fire starts, it usually spreads rapidly and often causes significant damage in a
very short period of time. A delay in the arrival of fire and rescue services of even just
5 or 10 minutes can significantly increase the amount of fire damage or make the
difference between life and death (Mattsson and Juås, 1997). Geographic information
systems (GIS) have already been used to optimally locate fire stations to shorten the
response time for dispatching a crew to a fire scene (Liu et al., 2006). However, the
complex internal structures of the buildings and traffic congestion can also make
pedestrian evacuation and rescue operations difficult in the event of a fire. Emergency
response to incidents requires optimal routes not only on the street but also within
buildings (Kwan and Lee, 2005). Lee and Kwan (2005) suggested a 3D geometric
network model (GNM) to perform shortest path analysis, which was transformed from
the combinatorial data model (CDM), as shown in Figure 1.1. However, this model is
limited and therefore must be integrated with a 3D visualization system to allow the
manipulation and exploration of geo-referenced virtual environments to enhance its
applicability.
Unfamiliarity with the interior of a building may affect a firefighter’s ability to fight a
fire. In a real emergency situation, the task of finding one’s way into the building
1

becomes a challenge, especially when there is little or no visibility due to smoke or
power failure. High levels of mental and physical stress may add to the difficulty.
Getting lost in a burning building can have fatal consequences to a firefighter if his
oxygen supply runs out. On the scene, firefighters generally have no knowledge of the
interior structure, hallways, exits, etc. of a building. Typically, the only information
available to fire brigades is 2D floor maps. However, floor maps do not provide
complete semantic information. In addition, a real fire scene is actually a 3D
environment that includes both the interior and exterior of a building. Important
information, e.g., the size and type of doors and windows, the distance from the
entrance to the incident site (which is needed for the deployment of fire hoses), rescue
paths, which windows are accessible to the fire truck, etc., are needed for successful
fire-fighting operations at a fire scene. A potential source of 3D building data is a
building information model (BIM). The most important characteristics of BIMs are
3D information and semantic information. In addition, they can be used to provide 3D
indoor navigation for emergency response (Lin et al., 2013; Isikdag et al., 2013). In
this study, BIMs were implemented to facilitate emergency response operations in a
fire situation.
At many fire scenes, especially in urban areas, it is necessary for firefighters to deploy
ladder trucks (aerial apparatus) for rescues, ventilation, access to upper floors and fire
suppression. However, the greatest challenge for ladder trucks is their aerial
limitations. Firefighters can add length to the hose line to reach the fire, but they
cannot stretch the ladders to reach the building (Martin, 2008). The operating
procedures for a ladder truck include: (1) truck positioning, (2) outrigger leveling, (3)
operating ladder, (4) fire-fighting operations, and so on (Figure 1.2). Once the parking
brake is set and the outriggers are dropped, the ladder truck is in position for the
remainder of the job. Repositioning requires a significant investment of effort and
2

time. Therefore, firefighters should make the best effort to get it right on the first try.
The first-in members of the crew need to evaluate the fire scene for optimal ladder
truck placement, placing their trucks near enough to the building so that firefighters
can use the aerial position to fight the fire. This position is vital, but it can become a
challenge because of the tight competition for space at the scene (Bernocco and
Andrus, 2003). For example, the placement of ladder trucks may be complicated by
the location of other fire trucks, ambulances, police cars and hose lines. Virtual 3D
city models can be used in different application areas, such as disaster management
(Over et al., 2010). Virtual environments can support the fire training and observation
of fire evacuee behaviors in 3D virtual buildings (Shi et al., 2009; Smith and
Trenholme, 2009; Rüppel and Schatz, 2011; Tang and Ren, 2012; Zhang et al., 2012;
Cha et al., 2012). Virtual reality (VR), which involves modeling, simulation and
visualization, is a powerful technology for users to interface and interact with virtual
environments. VR has already had a significant impact on emergency management,
including advanced data visualization systems within GIS. Many advanced decision
support systems for emergency management rely on GIS technology and virtual
instrumentation (Beroggi et al., 1995). In addition, performing a fire drill in modern
cities under realistic fire conditions can be difficult. A virtual environment can be
created to provide a variety of fire-fighting scenarios for instruction and evaluation in
a more realistic manner than verbal or written material and with less risk and expense
than fighting real fires.

3

Figure 1.1. Illustration of the node-relation structure: (a) 3D spatial units; (b)
combinatorial data model; and (c) geometric network model.

Figure 1.2. Operating procedures of a ladder truck.

1.2 Research objectives and scope

The response time to a fire incident includes the call processing and dispatch time,
turnout time, travel time, setup time and fire-fighting: (1) the call processing and
dispatch time begins when the emergency call is answered and emergency responders
are dispatched; (2) the turnout time begins when emergency responders are notified
4

and ends when the appropriate apparatus actually leaves the station; (3) the travel time
begins when the fire department’s appropriate apparatus leaves the station and ends
when it arrives at the scene; (4) the setup time includes the time period where the fire
department arrives, establishes a water supply, deploys the apparatus, etc.; (5)
fire-fighting includes the time it takes for fire department personnel to pull the hose
lines to extinguish fires, search for and rescue victims, etc. In general, there are
common problems that may occur during response to an incident which can delay or
lengthen the travel time, setup time and time it takes to put down the fire. For example:
(1) the best route from the fire station to the scene depends solely on the equipment
drivers’ experience so time may be lost finding the way; (2) information about
hydrant locations is obtained from printed data which may sometimes be hard to read;
(3) the placement of ladder trucks at the fire scene may be complicated by the
positions of other fire trucks, ambulances, police cars and hose lines; (4) firefighters
have no knowledge of the interior structure, hallways, exits, etc. of a building. Floor
maps do not provide complete semantic information; (5) firefighters prepare hose
lines according to their evaluation of the floor’s height which may not be accurate; (6)
sometimes the destination is unknown and unfamiliar. Firefighters must search for
and rescue victims under these uncertain conditions. In this study, we meet some
objectives to solve these problems and shorten the response time: see Table 1.1.

5

Table 1.1. Some traditional problems and objectives related to the response time
Response time

Traditional problems

Objectives achieved

Fire Occurrence
Call Processing
None
& Dispatch Time

None

Turnout Time

None

None

Travel Time

Finding routes from the fire
station to the scene depends on
the drivers’ experience.

Using GIS, firefighters can
get information about the
shortest route to the fire scene
after receiving their mission
from the emergency response
center.

Information about hydrant
locations is from printed data
which may sometimes be hard
to read.

Using GIS, firefighters can
obtain information about the
hydrant locations near the
burning building before they
arrive at the fire.

Setup Time

The placement of ladder trucks
at the scene may be
complicated by the positions of
other fire trucks, ambulances,
police cars and hose lines.

By simulating the operations
of the ladder truck in a 3D
environment, firefighters can
obtain the best position for
the deployment of the ladder
truck.

Fire-Fighting

Firefighters have no
knowledge of the interior
structure, hallways, exits, etc.
of a building. Floor maps do
not provide complete semantic
information.

Applying GNMs with BIMs,
the calculated path can be
used as a navigation tool for
firefighters.

6

Firefighters prepare hose lines Applying the GNM and the
according to their evaluation of Dijkstra’s algorithm,
the floor’s height.
firefighters can immediately
prepare fire hoses according
to the calculated distance
(shortest path analysis).
Sometimes the destination is
unfamiliar. Firefighters must
search for and rescue victims
in this uncertain situation.

To search a whole floor, the
GNM and the genetic
algorithm are applied to find
the optimal locations of
rescue teams to deploy
(p-median problem).
The GNM and the ant
algorithm are applied to find
the shortest path that passes
through each room of the
searching area can be found
(traveling salesman problem).

Fire Extinguished

7

In theory, a full-fledged system could be applied in a large city provided that a large
enough computer system is available to handle all of the building models. However,
considering that some information systems cannot usually handle such a large data
volume, this research focuses instead on the buildings where fire-fighting operations
may be difficult and heavy casualties may occur.
Fire-fighting operations during building fires include both the interior and exterior. In
this study, we simulate ladder trucks performing fire-fighting operations from the
exterior of the buildings. In general, ladder trucks are deployed on the roads next to a
burning building to perform fire-fighting operations. In order to provide enough space
for the placement of ladder trucks, roads less than 6 meters in width are excluded
from use. In addition, the highest ladder truck is 60 meters. Higher stories of a
burning building more than 60 meters in height are not accessible by fire ladders.
Additionally, firefighters have to be careful of obstructions (e.g., power lines,
signboards, trees, etc.) while operating their ladders. Detailed information of these
obstructions is not included in the modeling, therefore the influence of the
obstructions on the ladders is not discussed.
In this study, a method was developed for the generation of 3D GNMs from 2D
building plans. Local governments may keep architectural drawings of public
buildings. However, most of these drawings are in raster formats, which need to be
transformed into CAD formats prior to use. The BIMs can provide the building
information needed to generate a 3D GNM. With the development of more and more
BIMs, they will provide more and more data for value-added applications.
In this study, the GNMs are used to indicate the movement of smoke at different times
during the progress of the building fire, which can assist in optimal path analysis
within a building. The possible collapse of a building, which is closely related to the
8

construction materials, is beyond the scope of this study. Therefore, the GNMs
accounting for collapse due to fire are not discussed.

1.3 Contributions

This research provides two main contributions. The first is to develop a tool to assist
firefighters in finding the shortest path within a building, as well as to provide them
with important information in their particular spatial context. The proposed method
involves the exploration of a 3D GIS-based, BIM information-supported framework
for route navigation and emergency response. The second is to simulate the operation
of ladder trucks in a virtual 3D environment. The best position for the ladder trucks
can be determined before the arrival of firefighters at the scene. Moreover, the
positioning of other vehicles to avoid blocking the ladder trucks can be determined,
which is a priority. Therefore, the ladder trucks can maximize the area of reach for
any potential objective and can offer unique capabilities for access, rescue and
elevated master streams.

1.4 Dissertation organization

The rest of this dissertation is structured as follows. Section 2 is a literature review of
the 3D GIS and its application to fire response, Section 3 describes the methodology,
Section 4 demonstrates the network-based analysis, and Section 5 outlines three case
studies with fire scenarios. Conclusions and future work are discussed in Section 6.
Finally there is a bibliography listing the related sources cited in this research.
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Chapter 2. Literature Review

2.1 3D geo-information for emergency response

GIS were originally developed with 2D data models by transferring and representing
3D real world entities as 2D objects, e.g., as points, lines and polygons in either a
vector or raster data structure. However, these 2D models cannot fully represent the
real 3D world, especially when we are interested in a detailed description of the
internal structure of a 3D spatial entity (Shi et al., 2003). Several 3D GIS methods
have been developed over the last decade. However, recently developed 3D GIS data
models are limited in terms of the geometric and topological representations of the
complex internal structure of buildings at the 3D subunit level. Lee and Kwan (2005)
suggested using a 3D GNM to perform shortest path analysis but the proposed model
still does not integrate information from the progression of the fire (e.g., the
movement of fire, and smoke) (Breunig and Zlatanova, 2011).
Another limitation is that the GNM needs to be integrated with temporal databases in
order to manage dynamic geospatial entities such as the dynamic capacities and flow
rates of hallways and stairways for a specific time period (Lee, 2007). Traditional GIS
describe reality in a static manner in which the time dimension of the information is
not taken into account. Ahola et al. (2007) proposed a spatio-temporal population
model that could be used to improve risk assessment and damage analysis for
decision-making by both the Finnish Fire and Rescue Services and the Finnish
Defense Forces. It has been proven that adding spatio-temporal knowledge to the
decision-making increases the quality of the results and makes the risk taken in the
decision-making more acceptable due to increased certainty in the likely
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consequences. However, it is know that emergency situations are not static, and travel
distance is not the only variable considered in route calculation. There are three
factors involved in determining the degree of fire response performance in the event
of fire in a building, the fire characteristics, human characteristics and building
characteristics (Kobes et al., 2010). Thus, for route calculation one should not only
take into account building geometry but also the fire and human behavior. When a fire
occurs, smoke may reduce the speed at which human beings move due to the reduced
visibility. In addition, crowd density may also reduce walking speed. However, 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,
the model should be able to integrate dynamic data such as the location of smoke and
flames and the evacuation status.
Wu and Chen (2010) suggested a spatio-temporal analysis method for finding
fire-fighting rescue paths which could be used to quickly locate a destination and
show the shortest path within a building (Figure 2.1). Their 3D GNM accounted for
the movement of smoke during different times in a building fire. This method can be
used to perform an optimal path analysis for a known destination within a building.
However, the destination is sometimes unknown at the scene. 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 (Bricault, 2006). Searching for victims 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 hose line. Visibility is often near zero, and the environment is
excessively hot (Bloomer, 2006). Because of the limited operating time in a building,
the key to a successful search is the speed with which firefighters can complete tasks
(Shervino, 2007). Therefore, an algorithm to find the shortest path that passes through
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each room of a search area is necessary in this situation. (Wu and Chen, 2012).
Thill et al. (2011) developed a network-based method, 3DCityNet, for urban
analytical functionalities such as route planning, spatial accessibility assessment, and
facility location planning. Their 3DCityNet offers significant analytical capabilities
for constructed environments as well as in micro-scale spaces (i.e., their route
planning method enables users to query the least-effort route between any two points,
whether these points are situated indoor or outdoor). However, future research on
3DCityNet is needed to develop enhanced visualization tools which provide greater
interactivity (e.g., attribute queries by clicking on the screen). Isikdag et al. (2008)
applied BIMs in geospatial environment in order to facilitate data management in site
selection and fire response. Their research demonstrated that BIMs can provide the
required geometric and semantic information about buildings in support of site
selection and fire response management process (i.e., BIMs can provide attribute
queries about building elements). However, a real fire scene is dynamic. Some
variables may change during the progress of a building fire (e.g., movement of smoke,
positions and operations of a ladder truck, etc.). Therefore, an interactive 3D
environment is needed to simulate a fire scene (Chen et al., 2014).
In this study, we propose a method for the construction of an interactive 3D
GNM-based, BIM information-supported framework for fire-fighting simulation. This
method provides useful decision support for fire-fighting operations such as path
navigation for firefighters in a virtual 3D environment, demonstration of the
movement of smoke at different stages during a building fire, deployment of a virtual
ladder truck in a fire scene, and attribute queries of building elements using BIMs,
etc.
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Figure 2.1. Spatio-temporal analysis method for finding fire-fighting rescue paths: (a)
original path; and (b) alternate path (Wu and Chen, 2010).

2.2 Emergency management for fire-fighting

The Federal Emergency Management Agency (FEMA) of the USA and the National
Science and Technology Center for Disaster Reduction (NCDR) of Taiwan divide
emergency management into four phases: mitigation, preparedness, response and
recovery, as shown in Figure 2.2. Mitigation involves actions that are taken to
eliminate or reduce the degree of long-term risk to human life and property from
hazards. Preparedness relates to actions that are taken in advance of an emergency to
develop operational capabilities and facilitate an effective response to an incident. The
response phase involves actions that are taken immediately before, during, or directly
after an emergency occurs, to save lives, minimize damage to property, and enhance
the effectiveness of recovery. The recovery phase is characterized by activities to
return life to normal or improved levels (Pradhan et al., 2007).
This study 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
13

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 optimal 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. This method
also provides a virtual fire-fighting environment for firefighters to simulate the
positioning and operations of their ladder trucks. The best position for deployment of
the ladder truck, and how other vehicles (e.g., fire trucks and ambulances) should be
moved to avoid blocking the ladder truck, can now be determined before arrival at the
scene. The area of reach of the ladder trucks can be maximized for any potential
objective. The proposed method can assist firefighters to quickly locate their ladder
trucks, thereby reducing response time after an incident.
In the preparedness phase, because conducting fire drills in modern buildings under
realistic fire conditions can be difficult (Smith and Trenholme, 2009), this method
provides a virtual fire drill environment in which local fire departments can simulate
fire-fighting operations. 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.

Figure 2.2. Four phases in emergency management (FEMA).
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Chapter 3. Methodology

In this study, a method is developed to generate a 3D GNM from 2D building plans.
This model performs network-based analysis (e.g. shortest path analysis, traveling
salesman problems (TSP), and p-median problems (PMP)) within a building. In
addition, the applicability of BIMs in a geospatial environment can provide a 3D
visualization environment with sufficient geometric and semantic information
regarding the buildings. In the 3D viewer, 2D polygonal (shapes) that represent
buildings are extruded by their height values, creating 2.5D geometry. Figure 3.1
depicts the framework developed in this study. The data used in this study is shown in
Table 3.1. In addition, virtual ladder trucks are added in the 3D environment to
simulate the positioning and operations of aerial ladders. A particle system is used to
simulate the fire and quenching-water. The particle system is a method for modeling
fuzzy objects such as fire, fumes, clouds, and water (Reeves, 1983).

Figure 3.1. Framework of this study.
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Table 3.1. Summary of the data used in this study
Data

Data type

Sources

Buildings

Vector: 2D shapefile

Taoyuan City Government
Taipei City Government

Roads

Vector: 2D shapefile

Taoyuan City Government
Taipei City Government

Hydrants

Vector: 2D shapefile

Taoyuan County Fire Bureau
Taipei City Fire Bureau

Orthoimages

Raster

Taoyuan City Government
Taipei City Government

Target buildings
(3D models)

CAD, BIM

Taiwan Railways Administration
Taoyuan City Government
CECI Engineering Consultants,
Inc., Taiwan

3.1 Geometric network model (GNM)

The Node-Relation-Structure (NRS) proposed by Lee (2004) 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 CDM. In 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 (Figure 3.2).
Adjacency relationships among objects in 3D space are represented as a dual graph, G
= (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 can be two types of edges, unidirectional and
bi-directional, according to their status in buildings.
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Figure 3.2. Principles of Poincaré Duality.

The CDM only represents topological relationships, it does not contain metric
information (e.g., size or distance). To perform shortest path analysis, the CDM must
be transformed into a GNM in geometry space. Figure 3.3 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 Figure 3.4 (Wu and Chen, 2010).

Figure 3.3. Illustration of the node-relation structure.
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Figure 3.4. Flowchart for developing 3D GNM (Wu and Chen, 2010).

Two dimensional polygon layer data is derived from 2D floor maps, which are used
as the digital blueprints of a building (Figure 3.5). The polygon layer data is then
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 the
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),…,(xn, yn), where (x1, y1)=(xn,
yn), the area of the polygon is determined with Equation (3-1), and the x- and
y-coordinates of the centroid are calculated with Equation (3-2).

Area of a polygon:
area ( P ) 

1 n 1
 xi yi 1  xi 1 yi
2 i 1

(3-1)
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Centroid of a polygon:
centroid x ( p ) 

n 1
1
( xi  xi 1 )( x i yi 1  xi 1 yi )

6 * area ( P ) i 1

(3-2-1)

centroid y ( p ) 

n 1
1
( yi  yi 1 )( x i yi 1  xi 1 yi )

6 * area ( P ) i 1

(3-2-2)

Figure 3.5. (a) 2D polygon layer data; and (b) 2D floor map.

For the mapping of hallways, Yao (1991) and Lee (2004) provided an algorithm for
computing the medial axis of a simple polygon. However, this algorithm must be
improved upon in order 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 Figure 3.6, the projection point P' 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 Equation (3-3), and the coordinates of projection point P' can
be calculated with Equation (3-4). Figure 3.7(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 the buildings is excluded; therefore, vertical connectivity is defined
only by the location of stairways (Figure 3.7(b)). Finally, we can construct a 3D GNM
of the building using these nodes and edges (Figure 3.8). Figure 3.9 shows the 3D
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GNMs of the target buildings used in this study.

Figure 3.6. Projection of a point onto an edge.

Distance from a point P to an edge L:

dis tan ce( P, L) 

| ax p  by p  c |
a2  b2

(3-3)

Coordinates of the projection point P':

x1 
y1 

( b (bx p  ay p )  ca )
a2  b2
( a (bx p  ay p )  bc )
a2  b2

(3-4-1)
(3-4-2)

Figure 3.7. Connectivity of 3D spatial units: (a) horizontal; and (b) vertical.

Figure 3.8. 3D GNM of a building.
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Figure 3.9. 3D GNMs of the target buildings used in this study: (a) an underground
station; (b) a hotel; and (c) an office building.
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In this method, node and edge data is 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
is the average speed of the start and end nodes. Traversal time is computed by
comparing walking speed with edge length.

3.2 Building information model (BIM)

A BIM is an intelligent 3D model-based process for the planning, design, construction,
and management of buildings. It enables the reuse of building information throughout
the whole building lifecycle (Hijazi et al., 2011). The Industry Foundation Classes
(IFC) developed by the International Alliance of Interoperability (IAI, also known as
buildingSMART) has matured as a standard BIM in supporting and facilitating
interoperability across the various phases of the construction life cycle. The latest
available version is 2x3, which covers nine domains of building construction,
including HVAC, electrical, architecture, construction management, facility
management, structure component, structural analysis, tube and fireproofing and
construction controlling (Björk & Laakso, 2010). In this study, discussion of the IFC
standard will be based on this version.
The IFC standard has a hierarchical and modular framework, which is divided into
four bottom-up layers, i.e., a resource layer, core layer, interoperability layer and
domain layer. Each layer consists of a number of modules, which further contain
various entities, types, enumerations, rules and functions. Among them, the entity
22

represents the abstraction of objects that have the same properties and is the
information agent used to describe the information for the building and surrounding
components. Building products are defined by using the entity IfcProduct, which
represents an object with a description of its geometric representation and local
placement. The entity IfcBuildingElement that is inherited from IfcProduct can be
used to describe the components in a group of design products and those in a group of
decoration/accessory products (Ma et al., 2011). Here IfcBuildingElement is used to
model the major functional parts of a building, for examples, walls (IfcWall), doors
(IfcDoor), columns (IfcColumn) and stairs (IfcStair), etc. Information about walls,
windows, doors, stairs, etc. is necessary for successful fire-fighting operations at a fire
scene. Therefore, we used 13 types of building elements (e.g., IfcWindow, IfcWall,
IfcColumn, IfcSlab, IfcBeam, IfcDoor, IfcRoof, IfcCovering, IfcStair, IfcCurtainWall,
IfcRailing, IfcBuildingElementProxy and IfcStairFlight) for 3D visualization and
attribute query in this study.
The

IFC

model

is

represented

with

space-enclosing

structures

(IfcSpatialStructureElement). Special space-enclosing structures are the project
(IfcProject), sites (IfcSite), buildings (IfcBuilding), storeys (IfcBuildingStorey) and
rooms

(IfcSpace).

The

space

(IfcSpace)

is

one

of

subtypes

of

IfcSpatialStructureElement which is a generalization of all spatial elements defining a
spatial structure. Space in IFC is geometrically associated to a building storey and
may be divided into partial spaces. Figure 3.10 shows the BIMs of target buildings
used in this study.
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Figure 3.10. BIMs of the target buildings used in this study: (a) an underground
station; (b) a hotel; and (c) an office building.
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3.3 Geographic information systems (GIS)

In GIS, vector and raster data models are used to represent spatial features. The vector
data model uses points with x, y and z coordinates to construct spatial features (points,
lines and polygons), where features are treated as discrete objects in the space. The
raster data model uses a grid to represent the spatial variation of a feature, where each
cell of a grid has a value that corresponds to the characteristics of the spatial feature at
that location (Chang, 2006). In our method, the building data consists of polygon
features, the road data are line features, the fire hydrant data are point features and the
orthoimages are raster data. In addition, the road data (lines) form spatial networks
that are modeled with graphs. The graph’s arcs correspond to street segments and its
nodes correspond to street segment intersections. Each arc has a weight associated
with it, representing the cost (length) of traversing it. In this study, Dijkstra’s
algorithm was used to perform shortest route analysis for the road network.

3.4 Virtual ladder trucks

According to the National Fire Protection Association (NFPA) 1901 standard, a
ladder truck (aerial apparatus) is a vehicle equipped with an aerial ladder, elevating
platform, aerial ladder platform or water tower that is designed and equipped to
support fire-fighting and rescue operations (NFPA, 2003). Figure 3.11 shows the two
main types of ladder trucks used in Taiwan. In general, a ladder truck contains a
driver’s cab and a chassis, a base support system, a turntable, telescopic booms, an
articulated arm and a cage. Figure 3.12(a) shows the components of an aerial ladder
platform. In this study, an aerial ladder platform can be interpreted as a large-scale
robot with four rotary axes and one translational axis represented as follows: (1)
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raising-lowering (-10~80 degrees); (2) running in-running out (0~20 meters); (3)
rotating (not limited); (4) articulated arm flexing (0~175 degrees); and (5) cage
rotating (-50~50 degrees). Figure 3.12(b) shows the rotation and translation of a
ladder. Figure 3.13(a) shows the components of a turntable ladder. A turntable ladder
can be viewed as a large robot with two rotary axes and one translational axis
represented as follows: (1) raising-lowering (-12~75 degrees); (2) running in-running
out (0~38 meters); and (3) rotating (not limited). Figure 3.13(b) shows the rotation
and translation of a ladder. In addition, the simulation results for the two types of
ladder trucks are shown in Figure 3.14.
When choosing the placement position for the aerial ladders, firefighters should
consider the following: (1) whether immediate rescue is needed; (2) where no
immediate rescue effort is required, the size of the frontage of the building to be
covered in case of future need; (3) smoke, heat or fire causing exposure that would
endanger a victim, a firefighter, or the ladder; and (4) area or street conditions that
might hamper optimum positioning (NYCFD, 1986). Figure 3.15 shows a flowchart
for the window selection and deployment of ladder trucks with the method explained
in this study (Chen et al., 2014). After choosing an optimal placement location by
moving a ladder truck in a virtual environment, we can perform raising-lowering,
running in-running out, rotating, articulated arm flexing, and cage rotation of the
ladder to reach the target building. While moving a ladder truck in a 3D view, the
system can show the positions (x and y coordinates) of the ladder in the Taiwan
Datum 1997 (TWD97) coordinate system. In addition, while operating a virtual ladder
truck in a 3D view, the system can show the current height of the ladder from the
ground level.
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Figure 3.11. Two main types of ladder trucks: (a) turntable ladder; and (b) aerial
ladder platform.

Figure 3.12. (a) Components of an aerial ladder platform; and (b) rotation and
translation of a ladder.
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Figure 3.13. (a) Components of a turntable ladder; and (b) rotation and translation of a
ladder.

Figure 3.14. Simulation of ladder trucks: (a) aerial ladder platform; and (b) turntable
ladder.
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Figure 3.15. Flow diagram of the process for window selection and deployment of
ladder trucks (Chen et al., 2014).

3.5 Fire Simulation

A variety of models have been developed to be used to simulate fires (e.g., Fire
Dynamics Simulator (FDS), CFAST, CFX, and FLUENT, and so on). The proposed
method uses the FDS developed 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 analysis. The FDS is a
computational fluid dynamics (CFD) model of fire-driven fluid flow. It includes a
numerical solution of a form of the Navier-Stokes equation appropriate for low-speed,
thermally driven flows, with an emphasis on smoke and heat transport from fires
(McGrattan et al., 2009). FDS predicts almost all fire-related physical quantities such
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as toxic gas and temperatures as well as fire development and smoke propagation over
time. Its usefulness has been proven with validation studies and examples of practical
applications (Ryder et al., 2006). It has been widely applied in various fields of
research such as VR fire training simulators (Cha et al., 2012), fire reconstruction
(Shen et al., 2008), and 3D indoor evacuation simulation (Tang and Ren, 2012), etc.
The inputs of the FDS contain information about the numerical grid, ambient
environment, building geometry, material 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 composition
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 OpenGL to blend smoke planes with
the current background, which changes with time. It is pre-computed by the FDS
using Beer’s law with Equation (3-5), where Δx is the grid cell size, k is the mass
extinction coefficient (7600 m2/kg) and s is the soot density (Forney, 2009). Because
most fire fatalities are caused by smoke inhalation and toxic combustion gases (Kobes
et al., 2010), we use soot density (s), derived from alpha values in Equation (3-5), as
the temporal data in optimal path analysis. In addition, the simulation parameters are
set as their default values (e.g., start time (0 sec), end time (600 sec), number of
output data frames (1000), etc). Therefore, the time interval of updates in path
analysis is 0.6 (600/1000) seconds.
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alpha  1  exp(  ksx)

(3-5)

3.6 Evacuation simulation

This study uses the FDS+Evac to predict the potential evacuation scenarios.
FDS+Evac is a combined agent-based egress calculation model and a computational
fluid dynamics model of fire-driven fluid flow, where the fire and egress parts are
interacting (Korhonen and Hostikka, 2009). The evacuation module was developed by
the VTT Technical Research Center of Finland. The model behind the movement
algorithm of FDS+Evac is the social force model introduced by Helbing’s group. In
Helbing’s model, social force is introduced to keep reasonable distances to walls and
other agents. This model of pedestrian behavior is used to investigate the mechanisms
of panic and jamming by uncoordinated motion in crowds (Helbing et al., 2000).
FDS+Evac treats each evacuee as a separate agent, which has its own personal
properties and escape strategies. FDS+Evac outputs particle data at fixed time
intervals, which contain coordinates and specified quantities related to particles
(agents). Figure 3.16 shows the simulation results in a FDS+Evac environment.
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Figure 3.16. Simulation results in the FDS+Evac environment.

3.7 Attribute query

In a BIM, the space (IfcSpace) is bounded by related building elements
(IfcRelSpaceBoundary) that surround the space, such as walls (IfcWall), doors
(IfcDoor), columns (IfcColumn), slabs (IfcSlab) and windows (IfcWindow), as shown
in Figure 3.17. Because the node and edge data of the GNM are stored in a database,
attribute queries can be performed in order to find attribute data using the SQL query
language. In this study, while querying the name of a room from the node data with
Equation (3-6), the system shows the attributes (e.g., height (Z value)) of the room
and its corresponding space (IfcSpace) with the surrounding elements (e.g.,
IfcWindow, IfcDoor, etc.) in the 3D view. In addition, while choosing an element by
clicking on the screen, the system can show the attributes of said element. For
example, when we select a window by clicking on the screen, the system shows the
type, size, etc. of the window, as shown in Figure 3.18. This information can provide
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firefighters with a reference to decide whether the window is appropriate for entry or
not.

SQL  " SELECT * FROM node WHERE name  IfcSpace "

(3-6)

Figure 3.17. Relationship between IfcSpace and its surrounding elements.

Figure 3.18. Attributes of the selected window.
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Chapter 4. Network-Based Analysis

Once the 3D GNM is generated, three algorithms are used to perform network-based
analysis (e.g. shortest path analysis, traveling salesman problem (TSP), and p-median
problem (PMP)) within a building. The GNM can be used to perform an optimal path
analysis using Dijkstra’s algorithm for a given destination within a building. The
GNM and the genetic algorithm are used to find the optimal locations for rescue
teams to deploy (PMP) to search a whole floor within the building. When firefighters
must search an area to find victims, the GNM and the ant algorithm are applied to find
the shortest path that passes through each room of an area (TSP).
TSP is a class problem in combinatorial optimization and belongs to the class of
NP-complete problems. This type of problems is hardly solvable through finding the
exact solution directly. Various heuristics and approximation algorithms have been
devised in order to produce useable solutions for TSP (Dong et al., 2012). In addition,
PMP is a combinatorial optimization NP-hard problem. To solve this problem, several
exact, heuristic and metaheuristic techniques have been proposed (Alcaraz et al.,
2012). A metaheuristic is a higher level heuristic procedure designed to guide
heuristic approaches towards achieving very good quality solutions for difficult
combinatorial optimization problems. Metaheuristic algorithms aim for a near optimal
solution within tractable time for combinatorial optimization problems (Kim et al.,
2012). Ant algorithms, genetic algorithms, simulated annealing, and tabu searches are
typical representatives of the metaheuristic algorithms (Blum et al., 2011). In this
study, because the ant algorithm and the genetic algorithm are proven (Dorigo and
Gambardella, 1997; Correa et al., 2004), we select them to solve the TSP and the
PMP separately.
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4.1 Shortest path analysis

The GNM is used to perform an optimal path analysis using Dijkstra’s algorithm
(1959) for a given destination within a building. The start node (entrance) and end
node (destination) are known. Dijkstra’s algorithm is executed with temporal smoke
density data in order to calculate the optimal path from the start node to the end node.
Smoke generated from a fire reduces visibility, which in turn, reduces the walking
speed of humans. Frantzich and Nisson (2003) conducted experiments to determine
the effect of smoke density on the walking speed of humans using Equation (4-1),
where Ks is the extinction coefficient and the values of the coefficients α and β are
0.706 m/s and -0.057 m2/s, respectively (Korhonen and Hostikka, 2009). The average
walking speed vi0 is 1.5 m/s, and the minimum walking speed vi0, min is 0.1 vi0 . In this
study, we used the soot density (s), derived from alpha values determined using
Equation (3-5), as the temporal data for optimal path analysis. Once the smoke
density (s) of a node is given, the extinction coefficient (Ks=k*s) is obtained, and the
walking speed of a node can be derived from Equation (4-1). Therefore, the traversal
time of an edge can be calculated by comparing the walking speed with the length of a
given edge. Figure 4.1 shows the optimal path process in a flowchart (Wu and Chen,
2012).



v0
vi0 ( K s )  Maxvi0,min , i (  K s ) where K s  ks




(4-1)
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Figure 4.1. Flowchart of optimal path analysis (Wu and Chen, 2012).

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 G = (V, E), the algorithm for computing shortest paths visits all nodes of G
located nonnegative distances from a given source s ∈ V. Therefore, 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 ∞, whereas s is inserted into the priority queue with a key of 0, d[s] = 0.
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) ∈ E are relaxed. Relaxation of an
edge is done by determining if the following inequality holds: d[u] +len(u, v) < d[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 v ∈ Q, 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
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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 nonnegative distances (Zeng and
Church, 2009). 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 optimal path analysis is 0.6
seconds (i.e., the smoke density, walking speed and traversal time may change with
the time). Therefore, the path calculation algorithm is more realistic and can avoid
paths through heavy smoke within buildings.

4.2. p-median problem (PMP)

To search a whole floor, the GNM and a genetic algorithm are applied to find the
optimal locations for rescue teams to deploy; this is the PMP (Correa et al., 2004).
The PMP is a location/allocation model, which locates p facilities among n demand
points and allocates the demand points to the facilities. The objective is to minimize
the total demand-weighted distance between the demand points and the facilities. We
present below a formulation for the PMP in terms of integer programming proposed
by Revelle and Swain (1970).
Let i and j be the indices of any two vertices on a network of n vertices, dij be the
distance of the shortest network path between vertexes i and j, decision variable xjj be
1 if a facility is located at vertex j and 0 otherwise, and decision variable xij be 1 if the
demand at vertex i is assigned to the facility at vertex j and 0 otherwise. The objective
function Equation (4-2-1) aims to minimize the total travel cost between demand
vertices and facility vertices. Constraint Equation (4-2-2) guarantees that each
demand vertex must be allocated to one and only one facility. Constraint Equation
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(4-2-3) ensures that there are p facilities to be located. Constraint Equation (4-2-4)
ensures that each demand vertex can only be assigned to one facility vertex.
Constraint Equation (4-2-5) specifies the binary decision variables.
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In this study, we propose using a genetic algorithm to solve the PMP. Genetic
algorithms are meta-heuristic search programs inspired by the Darwinian evolution
theory (i.e., survival of the fittest) (Goldberg, 1989). In genetic algorithms each
chromosome corresponds to a solution for the problem. The measure of quality of a
solution is called fitness. A genetic operator called crossover is used to produce new
chromosomes from a pair of selected chromosomes. Mutations are used to promote
genetic diversity. The genetic algorithm that is used in this study is described below.

4.2.1 Encoding

Each individual (chromosome) has exactly p genes, where p is the number of medians,
and the allele of each gene represents the index (a unique ID number) of a facility
selected as median. For example, (6, 5, 2, 9, 3) is a chromosome corresponding to a
feasible solution for a problem with 5 medians where demand points 2, 3, 5, 6 and 9
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are selected as location of facilities.

4.2.2 Fitness evaluation

The fitness of a chromosome is given by the objective function value of the
corresponding solution for the considered PMP. Once the medians are selected, each
vertex is assigned to its nearest median and once each vertex is assigned, the fitness of
a chromosome can be computed by calculating the sum of Euclidean distances
between each vertex and its assigned median. The minimum sum is the optimal
solution.

4.2.3 Population size

Large populations slow down the genetic algorithm while small populations may not
have sufficient genetic diversity to allow for a thorough search over the feasible
region. Hence, the selection of the population size is important. In our algorithm we
set 40 as the population size according to the method proposed by Marvin et al.
(2006).

4.2.4 Selection

Genetic algorithms consist of three primary operations: (1) reproduction; (2)
crossover; and (3) mutation. Reproduction is the process through which solution
characteristics are passed from one generation to the next. To generate new members,
chromosomes are selected through a fitness-based process, where fitter solutions are
typically more likely to be selected.
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4.2.5 Crossover

In a genetic algorithm, the chromosomes of two parents are merged to generate new
members (children). Usually by using a crossover the chromosomes of the parents are
split into two parts and then combined to generate two new members. For example,
the parents (1, 2, 3, 4, 5) and (6, 7, 8, 9, 10) would create the children (1, 2, 3, 9, 10)
and (6, 7, 8, 4, 5) if a crossover after the third gene is used. In this study, the
probability of crossover is set to be 0.85 according to the method proposed by Marvin
et al. (2006).

4.2.6 Mutation

The mutation operator helps the genetic algorithm to escape from local optimum. To
perform mutation, after generating a new member, we replace one gene in this new
member with a gene which is not in the new member so that the fitness has best
improvement. In this study, the probability of mutation is set to be 0.05 according to
the method proposed by Marvin et al. (2006).

4.2.7 Replacement

In this work, the offspring produced by crossover and mutation are inserted into the
population only if they have a better (smaller) fitness than the worst individual of the
current population. In addition, the stopping rule is the maximum number of
iterations.
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4.3 Traveling salesman problem (TSP)

To search an area for potential victims, the GNM and an ant algorithm are applied in
order to find the shortest path that passes through each room of the area; this is the
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
(Dorigo, 1997).
For n cities to visit, let dij be the distance from city i to city j, xij be the variable that
has value 1 if the salesman goes from city i to city j and value 0 if the salesman does
not go from city i to city j. Objective function Equation (4-3-1) aims to minimize the
total travel cost passing through each city exactly once. Constraints Equation (4-3-2)
and (4-3-3) impose in-degree and out-degree of each city equal to one.
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Dorigo and Gambardella (1997) developed an artificial ant colony strategy to solve
the TSP. Simulations show that an artificial ant colony is capable of generating good
solutions to both symmetric and asymmetric instances of the TSP. Ant algorithm was
developed based on the observation 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
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to the probability in Equation (4-4-1), where τij is the intensity of the pheromone trail
between cities i and j, α is the parameter to regulate the influence of τij, ηij is the
visibility of city j from city i, which is always 1/dij. dij is the distance between city i
and city j, β is a parameter that regulates the influence of ηij and allowedk is the set of
cities that have not been visited yet.

   




 ij   ij



pijk    sallowed  is    is 
k

0

j  allowed k

(4-4-1)

otherwise

Initially, l ants are randomly placed in n cities. Each ant decides the next city to visit
based on the probability pijk given by Equation (4-4-1). 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 constant, and Lk is the length of its tour. In
addition, the pheromone will evaporate over time. The updating rule of τij can be
written according to Equations (4-4-2), (4-4-3) and (4-4-4), where t is the iteration
counter,   [0,1] is the parameter regulating the reduction of τij, Δτij is the total
increase of the trail level on edge (i,j) and Δτijk is the increase of the trail level on edge
(i,j) caused by ant k. After the pheromone trail updating process, the next iteration t+1
begins. The iteration counter t is also the stop criterion.
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Chapter 5. Case Studies

The system was implemented in a C++ and OpenGL environment. The Unified
Modeling Language (UML) diagram for the data model described in this paper is
shown in Figure 5.1. The system consists of: (1) features (buildings, roads, fire
stations, and fire hydrants); (2) orthoimages; and (3) a BIM and GNM of a target
building. A 3D GNM is performed for optimal path analysis and for 3D navigation
within the target building. A BIM contains information about the walls, windows,
doors, stairs, etc. of a target building, which is used for 3D visualization and attribute
query. Virtual ladder trucks allow users to simulate the positioning and operation of
aerial ladder maneuvers. In addition, a fire & evacuation simulation is performed
using the FDS+Evac software. Fire simulation data is used to demonstrate the
movement of smoke in the target building during the fire.
This method has to meet some objectives to solve the problems and shorten the
response time. Table 5.1 shows some traditional problems and objectives to be met in
the three fire stages. Fire stage I is defined as the travel time, fire stage II is defined as
the setup time, and fire stage III is defined as the time required for fire-fighting to put
down the fire. This study focuses on the buildings where fire-fighting operations may
be difficult and heavy casualties may occur (e.g., high-rise buildings, complex
buildings, underground spaces, etc.) Three case studies with different types of
buildings are detailed. They are an underground railway station, a hotel, and an office
building.
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Figure 5.1. Diagram of the Unified Modeling Language (UML) for the data model.
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Table 5.1. Some traditional problems and objectives to be achieved in the three fire
stages
Response time

Traditional problems

Objectives achieved

Fire Occurrence
Call Processing
None
& Dispatch Time

None

Turnout Time

None

None

Travel Time

Travel routes from the fire
station to the scene depending
on drivers’ experience.

Using GIS, firefighters can
get information about the
shortest route to the fire scene
after receiving their mission
from the emergency response
center.

Information about hydrant
locations comes from printed
data which may sometimes
hard to read.

Using GIS, firefighters can
obtain information about the
hydrant locations near the
burning building before
arriving at the fire scene.

The placement of ladder trucks
at the scene may be
complicated by the positions of
other fire trucks, ambulances,
police cars and hose lines.

By simulating the operations
of the ladder truck in a 3D
environment, firefighters can
determine the best position
for the deployment of the
ladder truck.

Firefighters have no
knowledge of the interior
structure, hallways, exits, etc.
of a building. Floor maps do
not provide complete semantic
information.

Applying GNMs with BIMs,
the calculated path can be
used as a navigation tool for
firefighters.

(Fire Stage I)

Setup Time
(Fire Stage II)

Fire-Fighting
(Fire Stage III)

45

Firefighters prepare hose lines The GNM and the Dijkstra’s
according to their evaluation of algorithm can be applied to
the floor’s height.
calculate the distance so
firefighters can immediately
prepare fire hoses (shortest
path analysis).
Sometimes the destination is
unknown. Firefighters must
search for and rescue victims
in this situation.

The GNM and genetic
algorithm are applied to find
the optimal locations of
rescue teams to deploy to
search a whole floor
(p-median problem).
The GNM and ant algorithm
are applied to find the
shortest path that passes
through each room of the
search area (traveling
salesman problem).

Fire Extinguished
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5.1 Case I

The study area was Taipei City in Taiwan, as shown in Figure 5.2. When a fire occurs
in an underground space, fire-fighting operations will be more complicated due to
several factors, such as difficult access, the presence of toxic smoke and difficulties
associated with searching and evacuating victims (Gabay, 2002). On 18 November
1987, a major fire that started under an old escalator in London’s King’s Cross
underground station killed 31 people and caused extensive damage (Cheng et al.,
2001). In another incident, on 18 February 2003, a subway train was set on fire with
gasoline at Jungangno Station in Daegu, South Korea, destroying two trains and
causing 192 deaths and 148 injuries (Roh et al., 2009). In the example used in this
study we examine an underground station of the Taiwan Railway 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 5.2. Figure 5.3 shows the
Taipei Railway Station, and Figure 5.4 shows the interior. A fire scenario with three
different stages is provided below to illustrate the use of the 3D GNM with Dijkstra’s
algorithm, genetic algorithm and ant algorithm for analyzing the shortest path,
optimal locations for firefighters and search order within a target building.
In this case, we met five objectives to solve the problems and shorten the response
time: (1) using GIS, firefighters can obtain information about the hydrant locations
near the burning building before they arrive at the fire scene; (2) by simulating the
operations of the ladder truck in a 3D environment, firefighters can obtain the best
position for the deployment of the ladder truck; (3) the GNMs with BIMs can be
applied to find the calculated path to be used as a navigation tool for firefighters; (4)
The GNM and genetic algorithm are applied to find the optimal locations to deploy
rescue teams to search a whole floor (PMP); (5) the GNM and ant algorithm are
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applied to find the shortest path that passes through each room of the search area
(TSP).

Figure 5.2. 3D view of the study area (Taipei City).

Table 5.2. Layout to the Taipei Railway Station
3F-6F

Taiwan Railway Administration Offices (646 rooms)

2F

Retail Level

Ground Level

Lobby

B1

Concourse

B2

Platform

Figure 5.3. Taipei Railway Station.
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Figure 5.4. Interior of the Taipei Railway Station: (a) a real scene; and (b) a BIM.

5.1.1 Fire stage I

Suppose that a fire occurs near an exit on level B1 of the building. A witness first
informs the emergency response center at the Taipei City Fire Bureau. The emergency
response center determines the appropriate fire station to respond (which is the nearest
having suitable vehicles) and dispatches them to the scene to rescue the people and
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put out the fire. While the firefighters are already on the way to the fire, the brigade
officer uses his mobile device to get a view of the building and its neighborhood, as
shown in Figure 5.5. Seven fire hydrants (the red points) are near the burning building.
Firefighters can park their fire engines directly next to the hydrants, which can be
used for fire suppression. Here is assumed that fire hydrants are within 200 meters of
the burning building (thus, firefighters need to deploy less than ten segments of fire
hose to reach the burning building). Figure 5.6 shows seven of the nearest fire
hydrants. The brigade officer also uses his mobile device to get a clear view of smoke
and evacuee movement according to the temporal data created by FDS+Evac (Figure
5.7). According to the simulation results, most evacuees should leave from the floor
after 150 seconds, which is before the arrival of firefighters.
Traditionally, information about hydrant locations is obtained from printed data which
may sometimes be hard to read. Using this system, firefighters can immediately get
information about the hydrant locations on their way to the fire scene.

Figure 5.5. Target building and its neighborhood.
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Figure 5.6. Seven of the nearest fire hydrants.
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Figure 5.7. Movement of smoke and evacuees on the B1 floor.
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5.1.2 Fire stage II

Suppose that smoke spreads rapidly and fills the whole building so that some people
are trapped in Room 3137 on the 3rd floor. The people trapped in that room call the
emergency number and tell the firefighters where they are by cell phone. A local fire
brigade with a 32-m ladder truck is dispatched to the scene. The name of the room is
input into the system and the result shows the attributes of the room (Table 5.3).
According to Table 5.3, Room 3137 is 10.5 meters above ground level, which is
accessible by the 32-m ladder truck. Therefore, firefighters decide to rescue the
people using the ladder. According to the 3D view, Room 3137 (west side of the
building) faces a four-lane road. Figure 5.8 shows a real scene of the west side of the
building. Therefore, the optimal placement location is chosen by moving the ladder
truck on the road in the 3D view, and the behavior (e.g., raising-lowering, running
in-running out, rotating, articulated arm flexing, and cage rotating) of the ladder can
be simulated realistically in order to reach Room 3137. The best position obtained for
the ladder truck is at 302245.3, 2771199.7 in the Taiwan Datum 1997 (TWD97)
coordinate system. Figure 5.9 shows the location of the ladder truck.
At the fire scene, the placement of ladder trucks may be complicated by the positions
of other fire trucks, ambulances, police cars and hose lines. Using this system,
firefighters can obtain the best position for the deployment of the ladder truck. Other
vehicles (e.g., fire trucks and ambulances) should be moved to avoid blocking the
ladder truck.
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Table 5.3. Results of the attribute query (Room 3137)
ID

X (cm)

Y (cm)

Z (cm)

Floor

Name (IfcSpace)

335

13627

3780

1050

3F

R3137

Figure 5.8. Real scene of the west side of the building.

Figure 5.9. Location of the 32-m ladder truck.
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5.1.3 Fire stage III

Suppose that level B1 is still on fire, and some people are trapped by the smoke on
that floor. The trapped people call the emergency number and tell the firefighters
where they are by cell phone. The brigade officer asks a rescue team at Stair 8 on the
same floor to rescue the victims. Both the start node (the location of the firefighters)
and the end node (the location of the victim) are known, Dijkstra’s algorithm can be
used with temporal smoke density data in the 3D GNM. The system shows the
original path (the blue line) from the location of the firefighters to the location of the
victims at the beginning of the fire, as shown in Figure 5.10(a). As time passes, 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 path (the blue line) to the destination after 390 seconds, as shown
in Figure 5.10(b). In order to validate the simulation result, we added a layer zoning
device while running the FDS to estimate the height of the smoke layer on level B1.
The device was placed on the original path between the locations of the firefighters
and the victim. Figure 5.11 shows the 600-second time history plot of smoke layer
height on the original path. According to the layer zoning device, the smoke layer
height drops rapidly at around 390 seconds (i.e., the original path is full of smoke,
which is not safe for firefighters at this moment).
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 1,579, and
the number of edges is 1,786. The computational time is a few seconds.
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Figure 5.10. 3D GNM: (a) original path; and (b) alternate path.

Figure 5.11. Time history plot of smoke layer height on the original path.
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Suppose that level B1 is still on fire, and firefighters suspect that some people may be
still be inside the building. Firefighters with breathing apparatuses are dispatched to
search the floors on and above the fire. Some rescue teams are asked to search the 5th
floor, as shown in Figure 5.12. In this figure, the blue dots indicate potential areas (the
stairs) where the rescue teams may be deployed, and the red line indicates the search
area. The floor encompasses 86 demand nodes (rooms) and 10 sites (stairs) on the
floor are selected for potential rescue teams’ deployment. Then the number of the
rescue teams (p) is input into the system, and the results indicate the potential rescue
teams’ locations for p = 2, 5, 7, as shown in Figure 5.13. The large colored nodes are
the optimal locations for the rescue teams, and the small nodes with the same color
are the rooms which need to be visited by the rescue teams.
The run time of the genetic algorithm is O(tmp), where t, m and p denote the iteration
number, population size, and number of medians (i.e., length of chromosome),
respectively. Because there is no evidence to assess the stop criterion, we use the
method proposed by Marvin et al. (2006). According to their method, the population
size is set to 40, and iteration counts is set to as 2,000 using p = 2, 5 and 7. Each of
the computational times is also a few seconds.

57

Figure 5.12. 5th floor search area.

Figure 5.13. Optimal locations of rescue teams on the 5th floor (p = 2, 5 and 7).
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Suppose one of the rescue teams at Stair 10 on the 5th floor is asked to search the
calculated area, as shown in Figure 5.14. The start point (Stair 10) is the location of
the firefighters, and the green line indicates the search area. There are 14 rooms to be
visited (i.e., there are 14 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; see Table 5.4. In order to validate the simulation
results, we combine the 3D GNM and the floor map of the search area. Figure 5.15
shows the search order of that area with a yellow line. The results show that the 3D
GNM matches the building geometry. In addition, the search order was reasonable,
given the shortest path for each room in that area, which was also evaluated by
fire-fighting experts.
The run time of the ant algorithm is O(tln), where t, l and n denote the iteration
number, number of ants, and number of cities, respectively. Because there is no
evidence to assess the stop criterion, we use the method proposed by Dorigo and
Gambardella (1997). In this case, the number of cities (nodes) is 15, and the ant
algorithm is run for 1,250 iterations using 20 ants. The calculated shortest path is 318
meters, and the computational time is a few seconds.
Firefighters may have no knowledge of the interior structure, hallways, exits, etc. of a
building. The only information available to the fire brigades are 2D floor maps.
However, floor maps do not provide complete semantic information. Using this
system, the rescue path with BIMs can be used as a navigation tool for firefighters.
Sometimes the destination is unknown but firefighters must still search for and rescue
victims in this situation. In this study, when it is necessary to search a whole floor, the
GNM and a genetic algorithm can be applied to find the optimal locations for
deployment of rescue teams. In addition, applying the GNM and the ant algorithm can
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be used to find the shortest path that passes through each room of the search area.

Figure 5.14. 3D GNM and the search area on the 5th floor.

Table 5.4. Search order for the 5th floor
Stair 10

→R5083

→R5098

→R5106

→R5093

→R5107

→R5095

→R5112

→R5113

→R5116

→R5117

→R5097

→R5096

→R5091

→R5085

→Stair 10
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Figure 5.15. Search order (yellow line) for the 5th floor area.
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5.2 Case II

The study area was Taoyuan City, located in Taoyuan County, Taiwan. Figure 5.16
shows a 3D view of the study area. Hotels are high-risk buildings. Saving lives in
high-rise hotel fires depends on locating the fire quickly, attacking it aggressively, and
reaching any occupants who may be trapped in the interior of the building (Tracy,
1998). In the example used in this study, the target was a 13-story hotel located in
Taoyuan County, Taiwan. Figure 5.17 shows the target hotel. A fire scenario with
three different stages is described below to illustrate the application of GNMs and
BIMs in a geospatial environment for fire-fighting simulation scenarios.
In this case, we had to meet five objectives to solve the problems and shorten the
response time: (1) firefighters can use GIS to obtain information about the shortest
route to the fire scene after receiving notification of their mission from the emergency
response center; (2) firefighters can use GIS to obtain information about the hydrant
locations nearest the burning building before arriving at the scene; (3) by first
simulating the operations of the ladder truck in a 3D environment, firefighters can
determine the best position for the deployment of the ladder truck; (4) applying
GNMs with BIMs, the calculated path can be used as a navigation tool for firefighters;
(5) applying the GNM and the Dijkstra’s algorithm, firefighters can immediately
prepare fire hoses according to the calculated distance (shortest path analysis).
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Figure 5.16. 3D view of the study area (Taoyuan City).

Figure 5.17. Target hotel.

5.2.1 Fire stage I

Suppose that a fire occurs in Room 719 on the 6th floor of the hotel. A witness first
informs the emergency response center at the Taoyuan County Fire Bureau, Taiwan.
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The emergency response center determines which fire station should respond (i.e.,
which is the closest that has suitable vehicles) and dispatches firefighters to the scene
to rescue people and put out the fire. Since the start point (the fire station) and the end
point (the fire scene) are located in the street network on the 2D map, the system
illustrates the original shortest route (in red) from the fire station (the phoenix logo) to
the burning building: see Figure 5.18. Only streets with more than two lanes are
considered. To avoid traffic jams, the system shows the alternate shortest route (in red)
from the station to the building (Figure 5.19). Figure 5.20 shows the alternate route
(in red) in a 3D view. After receiving the mission, the brigade officer uses his mobile
device to obtain a view of the burning building and its neighborhood, as shown in
Figure 5.21. There are three fire hydrants near the burning building. While choosing
the fire hydrants by clicking on the 2D map, the system shows their attributes (Table
5.5). Firefighters can park their fire engines directly next to the fire hydrants, which
can be used for fire suppression. In addition, according to the BIM of the burning
building in the 3D view, the building is equipped with two fire hose cabinets
(IfcBuildingElementProxy) on the 6th floor. Thus, the staff of the hotel can use the fire
hoses in the cabinets to keep the fire from spreading. Figure 5.22 shows the locations
of the fire hose cabinets (red boxes) on the 6th floor in the 3D view. The brigade
officer also uses his mobile device to get a clear view of smoke and evacuee
movement according to the temporal data created by FDS+Evac (Figure 5.23).
According to the simulation results, most evacuees leave from the floor after 150
seconds, which is before the arrival of firefighters.
Traditionally, travel routes from the fire station to the scene are determined based only
on drivers’ experience. Using this system, firefighters can get information about the
shortest route to the fire scene after receiving notification of their mission from the
emergency response center. In addition, information about hydrant locations is
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obtained from printed data which may sometimes be hard to read. Using this system,
firefighters can immediately get information about the hydrant locations on their way
to the fire scene.

Figure 5.18. Original route (in red) from the fire station to the hotel.

Figure 5.19. Alternative route (in red) from the fire station to the hotel.
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Figure 5.20. Alternate route (in red) in a 3D view.

Figure 5.21. Target building and its neighborhood.

Table 5.5. Attributes of the three nearest fire hydrants
ID

X (m)

Y (m)

Location

T0705

280441.7

2767230.3

No. 313, Sec. 1, Daxing W. Rd.

T0706

280640.5

2767201.7

Intersection of Daxing W. Rd. and Xinpu
6th St.

T0645

280688.4

2767424.3

No. 163, Tong’ an St.
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Figure 5.22. Locations of fire hose cabinets on the 6th floor: (a) a BIM; and (b) a real
scene.

Figure 5.23. Movement of smoke and evacuees on the 6th floor.
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5.2.2 Fire stage II

Suppose that smoke spreads rapidly and fills the corridor on the 6th floor and that
some people are trapped by the smoke in Room 721 on that floor. The people trapped
in that room call the emergency number and tell the firefighters where they are by cell
phone. The brigade officer asks the firefighters to rescue the victims by using a ladder.
The name of the room is input into the system and the result shows the attributes of
the room (Table 5.6). According to Table 5.6, Room 721 is 21.4 meters above ground
level, so would be accessible by a 32-m ladder truck. Therefore, firefighters decide to
rescue the people using the ladder. In addition, while querying the name of “Room
721” with Equation (3-6), the system also shows the corresponding space (Ifcspace)
and its surrounding elements (e.g., walls (IfcWall), doors (IfcDoor), columns
(IfcColumn), slabs (IfcSlab) and windows (IfcWindow)) of BIMs in the 3D view. The
correct window for Room 721 can be chosen using the BIM by clicking on the screen.
The size of the entrance window is shown as 280 * 210 cm (width*height), which is
appropriate for the entry of firefighters. Thus, the firefighters on the ladder decide to
enter the building through the window of Room 721.
According to the 3D view, the facade of the building is next to a two-lane road. While
selecting the road by clicking on the screen, the width of the road is shown to be 19
meters, which is wide enough for the placement of the ladder truck (Table 5.7). After
choosing an optimal placement location by moving a ladder truck on the road in the
3D view, realistic behavior (e.g., raising-lowering, running in-running out, rotating,
articulated arm flexing, and cage rotating) of the ladder can be simulated in order to
reach Room 721. The best position for the ladder truck is obtained (280571.2,
2767340.1) in the Taiwan Datum 1997 (TWD97) coordinate system. Figure 5.24(a)
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shows the location of the ladder truck and Figure 5.24(b) shows the entrance to Room
721.
At the scene, the placement of ladder trucks may be complicated by the positions of
other fire trucks, ambulances, police cars and hose lines. Using this system,
firefighters can obtain the best position for the deployment of the ladder truck. Other
vehicles (e.g., fire trucks and ambulances) should be moved to avoid blocking the
ladder truck.

Table 5.6. Results of the attribute query (Room 721)
ID

X (cm)

Y (cm)

Z (cm)

Floor

Name (IfcSpace)

136

5140

429

2140

6F

R721

Figure 5.24. (a) Location of the ladder truck; and (b) entrance to Room 721.

Table 5.7. Results of the attribute query (Sinpu 6th St.)
CROSS

LENGTH

ROADNO

ROAD_ENG

WIDTH

1

869

3-4

Sinpu 6th St.

19
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5.2.3 Fire stage III

Suppose that a local fire brigade that has a 32-m ladder truck has reached the fire
scene. Firefighters with fire hoses decide to walk to Room 719 from the ground level
to extinguish the fire. The building’s fire alarm system has acquired a signal regarding
the location of the fire through fire detectors. The name of the room is then input into
the system. The results show the attributes of the room (Table 5.8). After the start
point (the entrance) and the end point (Room 719) are input into the system, the
results show the shortest path (the blue line) from the entrance of the building to the
site (Figure 5.25). Once the rescue path is determined, it can be used as a navigation
tool for firefighters in a virtual environment with BIMs (Figure 5.26). In this case, the
shortest path is 65 meters. This information provides firefighters with a reference for
the preparation of fire hoses. In this study, we use 92 (65*√2) meters for preparation
of fire hoses to meet the actual distance with some redundancy. In addition, because
Room 719 is 21.4 meters from the ground level, which is also accessible by the ladder
truck, firefighters on the ladder decide to discharge water into that room to put out the
fire after they finish the rescue mission. After choosing an optimal placement location
by moving a ladder truck on the road in the 3D view, realistic behavior of the ladder
can be simulated in order to reach Room 719. Figure 5.27 shows the simulation of the
rescue and fire suppression utilizing the ladder truck with BIMs.
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 438, and the
number of edges is 452. The computational time is a few seconds.
Firefighters have no knowledge of the interior structure, hallways, exits, etc. of a
building. The only information available to fire brigades is 2D floor maps. However,
floor maps do not provide complete semantic information. In addition, a real fire
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scene is actually a 3D environment that includes both the interior and exterior of a
building. Using this system, the rescue path with BIMs can be used as a navigation
tool for firefighters. For traditional fire-fighting methods, firefighters prepare hose
lines according to evaluations of the floor’s height. Using this system, firefighters can
immediately prepare fire hoses to put out the fire when they arrive at the scene
according to the calculated path.

Table 5.8. Results of the attribute query (Room 719)
ID

X (cm)

Y (cm)

Z (cm)

Floor

Name (IfcSpace)

139

4204

331

2140

6F

R719

Figure 5.25. Shortest path analysis: (a) GNM; and (b) GNM with BIMs.
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Figure 5.26. Rescue path navigation with BIMs: (a) in a hallway; and (b) in a
stairwell.

Figure 5.27. (a) Rescue simulation; and (b) fire suppression simulation with the ladder
truck.

5.2.4 Drill emulation

In this study, a real fire-fighting drill was also conducted. The Taoyuan fire brigade
and its 32-m ladder truck participated in this drill. Because conducting fire drills in
modern buildings under realistic fire conditions can be difficult, this drill did not
feature dynamic events such as fires in rooms, smoke filling corridors or the shooting
of water by the firefighters.
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After the fire brigade received a fire alert from the building, it rushed to the scene
along the calculated route (Wenzhong N. Rd. → Yong’an Rd. → Ciwen Rd. →
Zhongzheng Rd. → Sec.1, Daxing W. Rd. → Xinpu 6th St.). The total distance along
that route was approximately 2.2 kilometers, and it took approximately 8 minutes for
the fire brigade to arrive. On the way to the fire, the brigade officer deployed the
vehicles and made assignments before the firefighters’ arrival at the scene. Some
firefighters were asked to park their fire trucks near the fire hydrants to use the water
for fire suppression. One group of firefighters prepared at least five segments of fire
hose to reach the calculated distance (65*√2 meters) and then deployed the hose lines
to the entrance to Room 719 to put out the fire. Figure 5.28 shows the deployment of
the fire hoses. Another rescue team parked its ladder truck at the proposed position
(280571.2, 2767340.1) and then entered the building from the window of Room 721
to rescue the victims, as shown in Figure 5.29. Figure 5.30 shows the placement of the
ladder truck on the Xinpu 6th St. The simulation results provided firefighters with
useful information for calculating the optimal routes, deploying the fire hoses and
positioning the ladder truck in the fire drill.

Figure 5.28. Deployment of fire hoses: (a) in a hallway; and (b) in a stairwell.
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Figure 5.29. (a) Entrance to Room 721; and (b) location of the ladder truck.

Figure 5.30. Placement of the ladder truck on the Xinpu 6th St.
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5.3 Case III

The study area was located in Taipei City in Taiwan. In the example, the target was an
office building belonging to CECI Engineering Consultants, Inc., Taiwan. Figure 5.31
shows the CECI office building. A fire scenario with three different stages is
described below to illustrate the application of building information models in
geospatial environments for fire-fighting simulation.
In this case, we had to meet five objectives to solve the problems and shorten the
response time: (1) firefighters can use GIS to obtain information about the hydrant
locations near the burning building on their way to the fire scene; (2) by simulating
the operations of the ladder truck in a 3D environment, firefighters can determine the
best position for the deployment of the ladder truck; (3) GNMs can be applied with
BIMs to calculate the path as a navigation tool for firefighters; (4) the GNM and
Dijkstra’s algorithm can be applied to show firefighters how to immediately prepare
fire hoses according to the calculated distance (shortest path analysis); (5) the GNM
and the ant algorithm can be applied to find the shortest path that passes through each
room of the search area (TSP).

Figure 5.31. CECI office building.
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5.3.1 Fire stage I

Suppose that a fire occurs in Room 507 on the 5th floor of the building. A witness first
informs the emergency response center at the Taipei City Fire Bureau. The emergency
response center determines the appropriate fire station to respond (which is the nearest
having suitable vehicles) and dispatches them to the scene to rescue the people and
put out the fire. While the firefighters are already on the way to the fire, the brigade
officer uses his mobile device to get a view of the building and its neighborhood, as
shown in Figure 5.32. Four fire hydrants (the red points) are near the burning building.
Therefore, firefighters can park their fire engines directly next to the fire hydrants,
which can be used for fire suppression. In addition, the brigade officer also uses his
mobile device to get a clear view of smoke and evacuee movement according to the
temporal data created by FDS+Evac (Figure 5.33). According to the simulation results,
most evacuees leave from the 5th floor after 121 seconds, which is before the arrival
of firefighters.

Traditionally, information about hydrant locations is obtained from printed data which
may sometimes be hard to read. Using this system, firefighters can immediately get
information about the hydrant locations on their way to the fire scene.
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Figure 5.32. Target building and its neighborhood.

Figure 5.33. Movement of smoke and evacuees on the 5th floor.
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5.3.2 Fire stage II

Suppose that Room 507 on the 5th floor is still on fire and that some people are
trapped by the smoke at the balcony on that floor. The trapped people call the
emergency number and tell the firefighters where they are by cell phone. A 32-m
ladder truck and a 52-m ladder truck are dispatched to the scene. The name of Room
507 is input into the system and the result shows the attributes of the room (Table 5.9).
According the Table 5.9, 5th floor is 17.05 meters above ground level, which is
accessible by the ladder trucks. Since the balcony is accessible to the ladder trucks,
firefighters decide to rescue the people using the ladders. According to the system, the
building is next to a three-lane road that is sufficiently wide for the placement of the
ladders. Therefore, after choosing an optimal placement location by moving the
ladder truck on the road in the 3D view, realistic behavior (e.g., raising-lowering,
running in-running out, rotating, articulated arm flexing, and cage rotating) of the
ladder can be simulated in order to reach the balcony. The best position for the 32-m
ladder truck is obtained as (308353.0, 2774039.4) while the best position for the 52-m
ladder truck is obtained as (308311.0, 2774021.6) in the Taiwan Datum 1997
(TWD97) coordinate system. Figure 5.34 shows the locations of the ladder trucks and
Figure 5.35 shows the simulation of the rescue operation utilizing the ladders.
At the fire scene, the placement of ladder trucks may be complicated by the positions
of other fire trucks, ambulances, police cars and hose lines. Using this system,
firefighters can obtain the best position for the deployment of the ladder truck. Other
vehicles (e.g., fire trucks and ambulances) should be moved to avoid blocking the
ladder truck.
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Table 5.9. Results of the attribute query (Room 507)
ID

X (cm)

Y (cm)

Z (cm)

Floor

Name (IfcSpace)

28

4417

1465

1705

5F

R507

Figure 5.34. Locations of the ladder trucks.

Figure 5.35. Simulation of the rescue operation utilizing the ladders.
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5.3.3 Fire stage III

Suppose that Room 507 is still on fire and the local fire brigade has reached the fire
scene. Firefighters with fire hoses decide to walk to the room from the ground level to
extinguish the fire. The building’s fire alarm system has acquired a signal regarding
the location of the fire through fire detectors. Since the start point (the entrance) and
the end point (Room 507) are input into the system, the result shows the shortest path
(the blue line) from the entrance of the building to the site (Figure 5.36). Once the
rescue path is determined, it can be used as a navigation tool for firefighters in a
virtual environment with BIMs (Figure 5.37). In this case, the shortest path is 96.5
meters. This information provides firefighters a reference for the preparation of fire
hoses when they arrive at the scene. In this study, we use 137 (96.5*√2) meters for
preparation of fire hoses to meet the actual length of stairs and for redundancy.
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 824, and the
number of edges is 930. The computational time is a few seconds.

Figure 5.36. Shortest path from the entrance to the site: (a) GNM; and (b) GNM with
BIM.
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Figure 5.37. Rescue path navigation.

Suppose that Room 507 is still on fire. Firefighters suspect that other people may be
inside the building. Therefore, the firefighters with breathing apparatuses decide to
search the floors that are on and above the fire. One rescue team at Stair 1 is asked to
search the 5th floor, as shown in Figure 5.38. In Figure 5.38, the start point (the blue
dot) is the location of the firefighters (Stair 1), and the red line indicates the searching
area. Although there are 17 rooms to be visited (i.e., there are 17 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 5.10. In order to validate the simulation result, we combined the 3D GNM and
the floor map of the searching area. Figure 5.39 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 path for each room in
that area, which was then evaluated by fire-fighting experts.
The run time of the ant algorithm is O(tln), where t, l and n denote the iteration
number, number of ants, and number of cities, respectively. Because there is no
evidence to assess the stop criterion, we used the method proposed by Dorigo and
Gambardella (1997). In this case, the number of cities (nodes) is 18, and the ant
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algorithm is run for 1,250 iterations using 20 ants. The calculated shortest path is 326
meters, and the computational time is a few seconds.
Firefighters often have no prior knowledge of the interior structure, hallways, exits,
etc. of a building. The only information available to fire brigades are 2D floor maps.
However, floor maps do not provide complete semantic information. Using this
system, the rescue path with BIMs can be used as a navigation tool for firefighters.
For traditional fire-fighting methods, firefighters prepare hose lines according to
evaluating the floor’s height. Using this system, firefighters can immediately prepare
fire hoses to put out the fire when they arrive at the scene according to the calculated
path. Sometimes the destination is unknown in a fire scene. Firefighters must search
for and rescue victims in this situation. In this study, applying the GNM and the ant
algorithm, the shortest path that passes through each room of the searching area can
be found.

Figure 5.38. Search area on the 5th floor.

Table 5.10. Search order for the 5th floor
Stair 1
→R501
→R507

→R511

→R512

→R516

→R515

→R517

→R502
→R514

→R503
→R513

→R504
→R508

→R505
→R509

→R506
→R510

→Stair 1
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Figure 5.39. Search order (green line) for the 5th floor area.
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Chapter 6. Conclusions and Future Work

6.1 Conclusions

The 3D GNM enables shortest path analysis for emergency response incidents. The
BIM is added to a 3D view for geometric representation and attribute query. A ladder
truck is added in the 3D view to simulate fire-fighting and rescue operations from the
exterior of the building. The developed method can be used by firefighters to quickly
locate destinations and to show the shortest paths within a building. This approach can
reduce response times. This study also provides a virtual fire-fighting environment for
firefighters to simulate the positioning and operations of their ladder trucks. The best
position for the deployment of the ladder truck and how other vehicles (e.g., fire
trucks and ambulances) should be moved to avoid blocking the ladder truck can thus
be determined prior to arrival at the scene. The area of reach of the ladder trucks can
be maximized for any potential objective. In addition, because conducting fire drills in
modern buildings under realistic fire conditions can be difficult, this study provides a
virtual fire drill environment in which local fire departments can simulate fire-fighting
operations. 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.
In this study, we met seven objectives to solving problems and shortening the
response time: (1) firefighters can use GIS to get information regarding the shortest
route to the fire scene after receiving notification of their mission from the emergency
response center; (2) firefighters can use GIS to obtain information about hydrant
locations nearest the burning building before arriving at the scene; (3) by simulating
the operations of the ladder truck in a 3D environment, firefighters can obtain the best
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position for the deployment of the ladder truck; (4) GNMs can be applied with BIMs,
to calculate the shortest path and can be used as a navigation tool for firefighters; (5)
applying the GNM and Dijkstra’s algorithm can calculated the distance and
immediately prepare hose lines (shortest path analysis); (6) the GNM and genetic
algorithm are applied to find the optimal locations for deployment of rescue teams to
search a whole floor (PMP); (7) the GNM and the ant algorithm are applied to find the
shortest path that passes through each room of the search area (TSP). These objectives
are also achieved in the case studies as shown in Table 6.1.
The innovations of this study are listed as follows: (1) a method was developed that
can be used to generate a 3D GNM from 2D building plans (CAD); (2) 3D GNM
performed network-based analysis within a building; (3) application of BIMs in
geospatial environments to provide sufficient geometric and semantic information
about buildings for use in emergency situations; (4) virtual ladder trucks are added to
the 3D environment to simulate the positioning and operations of aerial ladders; (5)
the proposed method can provide a tool to support firefighters in their efforts to find
the optimal path within a building, to minimize the search time for potential victims,
and to quickly determine the best location for their ladder trucks, so as to reduce the
response time after an incident.
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Table 6.1. Objectives achieved for the response time in the case studies
Response time

Objectives achieved

Case I

Case II

Case III

Call Processing
None
& Dispatch Time

None

None

None

Turnout Time

None

None

None

None

Travel Time

Using GIS, firefighters can get
information about the shortest
route to the fire scene after
receiving notification of their
mission from the emergency
response center.

Fire Occurrence

Using GIS, firefighters can
obtain information about the
hydrant locations nearest the
burning building on their way
to the scene.

●

●

●

●

Setup Time

By simulating the operations of ●
the ladder truck in a 3D
environment, firefighters can
determine the best position for
the deployment of the ladder
truck.

●

●

Fire-Fighting

GNMs can be applied with
BIMs to find the calculated
path used as a navigation tool
for firefighters.

●

●

●

●

●

Applying the GNM and the
Dijkstra’s algorithm,
firefighters can immediately
prepare fire hoses according to
the calculated distance
(shortest path analysis).
The GNM and genetic

●
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algorithm are applied to find
the optimal locations of rescue
teams to deploy to search a
whole floor (p-median
problem).
The GNM and ant algorithm
can be applied to find the
shortest path that passes
through each room of the
search area (traveling salesman
problem).

●

●

Fire Extinguished
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6.2 Limitations

The limitations of the proposed method are summarized below.
First, the proposed method involves the exploration of a 3D GIS-based, BIM
information-supported framework for route navigation and emergency response.
Considering that BIM data are not common nowadays, this study focuses instead on
the buildings where fire-fighting operations may be difficult and heavy casualties may
occur (e.g., high-rise buildings, complex buildings, underground spaces, etc.) With an
increase in the popularity of BIMs, there will be more and more data that can be used
for value-added applications in the near future.
Second, this study focuses on issues from the firefighters’ perspective, not from the
evacuees’ perspective. It provides useful decision support for fire-fighting operations
such as path navigation for firefighters in a virtual 3D environment, demonstration of
the movement of smoke at different stages during a building fire, deployment of a
virtual ladder truck to a fire scene, and attribute queries for building elements using
BIMs, etc.
Lastly, the ant algorithm and the genetic algorithm are used to find near optimal
solutions for the TSP and the PMP. Although these algorithms may not always
produce an optimal solution, the solutions can immediately provide firefighters useful
information for decision making. In this study, we combined the 3D GNM and the
floor map of the search area in order to validate the simulation results. The results
show that the 3D GNM matched the building geometry. In addition, the search order
was reasonable, giving the shortest path for each room in that area, which was also
evaluated by fire-fighting experts.
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6.3 Future work

The system developed in this study can be implemented on a laptop. Recently, mobile
devices such as tablet computers and cell phones have become popular. With the
development of the functions of mobile devices, further system availability is
expected.
There are some limitations that must be remedied. First, when a fire occurs, most
occupants may escape from buildings before the arrival of firefighters. Therefore,
firefighters must focus on the occupants who may be trapped in a building’s interior.
In this study, we used the GNMs and the Dijkstra algorithm to consider smoke
movement during different times of a building fire. Therefore, the rescue path
calculation algorithm can avoid paths through heavy smoke within buildings. In
addition, this study also used FDS+Evac to perform evacuation simulation. In future
work, the evacuation simulation results can be used to analyze firefighting rescue
paths in accordance with the temporal data to make the rescue path calculation
algorithm more realistic. This can help firefighters to avoid heavy smoke and traffic
jams within buildings.
Second, the GNMs accounted for the movement of smoke derived from FDS at
different times during the building fire, information which can be used to perform an
optimal path analysis for a known destination within a building. Although it may take
a lot of time to run the FDS, the employment of parallel processing is an effective
way to save on computational time. However, more sophisticated scenarios must be
employed, and more parameters must be considered in future. Recently, the
“intelligent Building Response” (iBR) project has been working to obtain sensor
information from buildings. This real-time data can be used by firemen, police
officers and others when responding to an emergency (Holmberg et al., 2006).
89

Therefore, we may find ways to integrate intelligent building systems with our system
in the future. In addition, traffic conditions may change with time. Therefore,
real-time data from traffic sensors will be used in the future to predict traffic
conditions and adapt the optimal routing accordingly (Derekenaris et al., 2001).
Third, the rise of the internet and ubiquitous computer networks creates new
opportunities and new demands for visualizing and interacting with geospatial
information (Hildebrandt and Döllner, 2010; Rau and Cheng, 2013). A web-based 3D
city model for fire-fighting simulation will be our next step.
Lastly, we use affine transformation of the footprint of the building to integrate 2D
GIS with the buildings in this study. We consider that road data (lines) of the 2D GIS
are used for the movement of fire trucks while the BIMs and GNMs of buildings are
used for the movement of firefighters. In addition, the main issue in the integration of
BIM with GIS occurs at the transfer of geometric information from building into
geospatial models, as building models represent objects with different representations
such as Constructive Solid Geometry (CSG) and Sweeping, while GIS mainly use
Boundary Representation (BRep) as the main geometrical representation method.
Recently, the integration of BIM and CityGML has been discussed intensively.
CityGML is the international standard for the representation and exchange of 3D city
models issued by the Open Geospatial Consortium (OGC) (Gröger and Plümer,
2012). Using CityGML with BIM for fire-fighting simulation will be the next step in
our research.
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