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Abstract: Indoor emergency response plays a critically important role in disaster management for
cities, which must consider the evacuation of people in a dynamic indoor environment. The spatial
model is the foundation for the specific analysis of indoor emergency responses, such as evacuations.
The current spatial model for evacuation has three primary pitfalls: (1) it primarily focuses on
static spatial information, such as rooms, doors, and windows, and lacks dynamic information,
such as events and sensors; (2) it mainly focuses on the horizontal space and the static scene and
lacks a multi-story component that considers the different properties of stairs compared to planar
areas; and (3) it places emphasis on the indoor navigation calculation with a 2D /3D network, which
lacks individual properties that can support more complicated analysis, such as congestion and
stagnation. In this paper, we propose a dynamic indoor field model with three typical characteristics.
(1) It includes not only static information but also dynamic information, such as outdoor and indoor
building geometry, sensors, fire spread, and personnel behavior. (2) It supports multi-story buildings
from the macro level (building level and floor level) to the micro level (room level and individual
level) based on horizontal and vertical indoor space. (3) It supports spatial calculations based
on a three-dimensional space grid and can analyze potential congestion and stagnation during
evacuation. We design a corresponding evacuation method that supports individual evacuation
route finding and evacuation assessment. We perform a series of analyses of the applicability of
the proposed model and the efficiency of the designed evacuation method based on multi-story
evacuation studies. The simulation includes a total evacuation population exceeding 7000 individuals,
and the analysis suggests that the new model and algorithm are effective in planning indoor
emergency routes that avoid potential congestion or stagnation.

Keywords: indoor evacuation; data model; 3D GIS; CityGML; emergency response

1. Introduction

With the rapid urbanization occurring in China, indoor emergency response systems play a critical
role in disaster management in many cities, especially for building fires, in which case the evacuation of
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people in a dynamic indoor environment is necessary. According to a statistical analysis of fire accidents
in high-rise buildings in China in 2013, 388,000 building fires caused 1637 casualties and a total loss of
$0.71 billion in property damage [1]. Numerous investigations and cases [2-5] indicate that casualties
are primarily caused by poor decision-making and navigation during a fire disaster. With the rapid
development of geographic information system (GIS) technology and extensive application to the
construction of fire evacuation routes in previous decades [6-8], the combined utilization of GIS
and architectural spatial structures can help provide first responders and planners with sufficient
information regarding indoor areas and surroundings to decrease routing uncertainty and facilitate
efficient planning for indoor disasters [9-11].

One of the most important factors in indoor emergency response operations is situational
awareness, which can be created only after carefully analyzing all available information [12].
The three-dimensional (3D) indoor-outdoor spatial model developed by Tashakkori et al. [13]
introduces a complete inventory of the information required for route finding during indoor emergency
response, including building information and the network between floors. They discuss the indoor
situational awareness needed for emergency management and decision-making for successful
emergency response based on 3D network navigation and blockage analysis. However, an integrated
solution has not been created for delivering detailed information, such as the movements of crowds
and the spreading of fire, to emergency responders.

Recently, studies of emergency evacuation models, such as Firescap, Exodus, Simulex, Evacuation
Simulation Model (ESM), and Multi-Agent System for Cloud Management (MASCM), have been
developed based on various computational principles [14-18] and represent efficient methods for
building designers to evaluate evacuation safety when combined with a GIS-based spatial model.
Tang and Ren’s study presents a simulation spatial model that incorporates behaviors, fire field,
and building geometry to analyze the spatial features in a building environment and support
evacuation decisions to a certain degree [19]. Because of the extension of GIS as an information system,
analyzing the spatial relationships among static and dynamic features is feasible and advantageous
for predicting fire evacuation performance and evaluating building designs in terms of fire safety.
Compared with an actual scene, most of the necessary indoor emergency information is not available
to responders using current systems and relevant spatial model research [20-24], which increases the
risk of life-threatening situations for rescuers and complicates decision-making.

Thus, the provision of a dynamic indoor emergency spatial model that supports informed
navigation strategies and improves situational awareness is crucial. This model should have the
capacity to describe the dynamic process of indoor spatial information, including the structural layout
of a building and the spread of the fire. The model should also present semantic information related to
the architectural structure, emergency utilities, and floating crew and be able to distinguish individual
differences, including the roles of different personnel, travel speed, and travel route.

An indoor emergency spatial model that can simulate an evacuation throughout an emergency
process is needed. Indoor spatial information is a basic feature of an indoor emergency spatial model
for evacuation analysis. A dynamic environment analysis of both the horizontal space and the vertical
space in a building increases the reliability, but this analysis is the main challenge in simulating
an indoor evacuation. However, 3D indoor spatial information is becoming increasingly abundant,
enabling the comprehensive analysis of horizontal and vertical indoor space information; obtaining
this information is no longer the bottleneck in an evacuation analysis. Most indoor real-time sensor
data can reliably support indoor dynamic environment simulation analyses. Indoor evacuation route
analysis and assessment is an effective method for improving the potential for fire emergency rescue
from buildings.

This paper proposes a dynamic indoor field model (DIFM). Combined with the designed
evacuation method for verification, the DIFM can be employed to not only simulate the evacuation
process and provide an intuitive basis for evaluation but also predict possible congestion and stagnation
and produce an accurate and reliable reference for evacuation planning and fire protection design.
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This research focuses on the following three areas to assist building inhabitants and rescuers in
planning for emergency response in a timely and safe manner:

1.  The complexity of the indoor scene. Grasping the distribution characteristics of objects in
an indoor scene and the dynamic change rule in a simulated process is a prerequisite for accurately
describing the evacuation process. The spatial distribution of the elements in an evacuation scene
is directly related to the interaction between these elements and the evacuation process.

2. The diversity and dynamics of human behavior. The evacuation status of a scenario analysis
represents a very complex thought process. A behavioral simulation during the evacuation of
personnel is a major challenge in evacuation simulations.

3.  Highly effective evacuation analysis. Performing a rapid simulation analysis of fire spread, smoke
and temperature field distribution, and spatial environment changes in a building during a fire is
difficult but necessary for building fire protection design and for the safe evacuation of personnel.

The remainder of this paper is organized as follows. Related studies are discussed in Section 2,
and a DIFM is proposed for quantitative spatial prediction and dynamic change-based indoor
environmental expression to overcome the insufficiencies of current indoor modeling methodologies
in Section 3. The proposed model is based on the CityGML level of detail 4 (LoD4) [25] standard,
which is a well-known representation of an indoor building. Section 4 presents a change-based
evacuation method that enables users to perceive, recognize, and understand fire evacuation based on
the proposed model. Two typical case studies with comprehensive descriptions of the environmental
features are simulated as single-floor and multi-floor scenarios, and the model’s ability to facilitate
situational awareness regarding the indoor layout and evacuation strategies is further analyzed in
Section 5. Finally, Section 6 presents the conclusions and suggestions for future research.

2. Background and Motivation

The indoor evacuation environment is a complex system with many components. Most recent
research has primarily focused on network modeling and indoor routing for wayfinding and navigation
purposes [26-28] but has not addressed the information required to identify potential congestion
during indoor emergency situations. Currently, after establishing an evacuation path, occupants
are dispatched to local exits with minimal information about the building or the fire location. Thus,
a basic model that supports an individual’s level of fire response performance must be based on
considerations of various features, such as information about the building, sensors, fire spread,
and personnel behavior. Spatial features are the basic elements of the relationships among these
features and support decision-making in potential congestion and stagnation prediction.

Based on differences in their spatial performance mechanisms, current indoor spatial models
for emergency evacuation simulation can be divided into four categories: network-based models,
particle-based models, cellular-based models, and field-based models.

The main concept behind a network-based model is to simplify the accessible space in a building
into a corresponding network and consider the personnel in the scene as a flow of people moving at
a certain speed in the network [13,15,29-31]. The network consists of nodes and the edges between
connected nodes, where each node represents the building units, such as rooms, and the length of each
edge represents the average distance between two units. The people flow between two network nodes
to reach an exit node for evacuation. The evacuation velocity is negatively correlated with flow density.
The advantages of a network-based model are the small number of calculations required and the fast
computing speed. However, the processing method used for network-based models is too simple to
represent the movement of individuals and analyze congestion at exits in terms of nodes and edges.
Additionally, the evacuation accuracy is difficult to guarantee. In particular, the selection of node
locations distinctly affects the length of the connection edges between two nodes, which introduces
errors and renders the model unable to simulate the exact trajectory of the evacuation.
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A particle-based model can describe the interaction or action intention among humans by
introducing a physical force analogy to achieve regularity of motion with the aid of the mechanical
theory model [32-35]. People are considered self-driving particles controlled by forces from the
physical world, social psychology, and other aspects; thus, the impact of personnel behavior and
the movement characteristics of panic can be simulated. A particle-based model facilitates the
accurate description of the force and action intention of personnel using existing mechanics theory.
However, describing the differences between individuals is challenging. To reproduce an actual
situation, the mechanical model is complicated, and the computations become very time consuming as
the number of occupants requiring evacuation increases.

Cellular-based models utilize cellular automata theory to simulate the evacuation process by the
spatio-temporal modeling method [36-39]. These models use cells to realize the spatial discretization of
an evacuation scene. Additionally, the interaction between people and building walls can be described
by neighborhoods, and behaviors can be described in terms of the states of cells with conversion
rules. After creating a 2D grid of an indoor space, the evacuation paths can be determined with
routing rules according to the neighborhood of each grid. The spatio-temporal modeling ability of
these models provides an effective solution for simulating the discrete spatial and temporal features
of evacuation. Furthermore, although cellular-based models cannot describe the micro-behavior of
personnel, they can describe the differences among individuals.

A field-based model defines the evacuation behavior of personnel at each simulated time point by
defining the floor field of a scene and describing the flow trends of individuals in that scene [40—43].
The floor field relates to only the geometric layout and exit location of the room. In such a model,
during evacuation, people always move from a high-weight grid to a low-weight gird in the floor field.
A field-based model can reflect the geometric characteristics of a building layout. However, the floor
field does not consider the dynamic changes and development of the scene elements and thus must be
expanded and improved to dynamically describe these elements.

Table 1 summarizes the main features of the different indoor modeling approaches. Most of
the emergency indoor spatial models represent floor plan and building structure information and
can be used for limited indoor analysis and navigation with real-time data. However, these existing
indoor spatial models cannot be employed in practical emergency situations primarily because they
lack detailed building emergency and vertical navigation information, which is critical for dynamic
spatial analysis, multi-floor evacuation, and the prediction of potential congestion and stagnation in
a global scene.

Table 1. Comparison of emergency indoor spatial models.

Research 3D Real-Time Sensors Vertical Human Floor Structure Emergency

Data Navigation Behavior Plan Information Information
network-based model Vv Vv X X X V4 V4 X
particle-based model Vv Vv Vv X Vv Vv Vv X
cellular-based model X Vv V4 X V4 4 v X
field-based model X Vv Vv X Vv Vv V4 X

Considering the lack of comprehensive indoor spatial models that were systematically developed
and include the emergency information and quantitative calculations of both horizontal and vertical
indoor spaces necessary for an individual’s evacuation, this paper recommends the DIFM. This model
aims to facilitate the integration of existing and dynamic information about buildings, sensors,
fire spread, and personnel behavior to improve the situational awareness of building occupants.
Applying the proposed model shows that it can enhance indoor spatial analysis and decision-making
by individuals and can be used to increase the emergency response efficiency when combined with
a change-based evacuation method.
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3. DIFM

Because of the unique characteristics of indoor spaces, data models and applications should
be established to provide integrated and seamless services [44]. In particular, in indoor emergency
situations, the incident location, its surrounding areas, and dynamic geo-reference information are core
elements requiring parametric description and quantitative analysis [45]. To provide efficient indoor
evacuation and indoor services for emergency situations, a basic indoor spatial model should have three
characteristics: (1) it should include the static interior structures and dynamic emergency information
to provide the detailed 3D geometric and semantic information required during an emergency;
(2) it should support the quantitative description and calculation of the distribution characteristics
and dynamic changes among indoor objects during the simulation; and, finally, (3) it should be able to
predict congestion and stagnation to support emergency management and decision-making.

This section discusses the critical element requirements for indoor emergency evacuation and
proposes a conceptual data model and unified modeling language (UML) class diagram for the
DIFM. The comprehensive representation of an indoor dynamic environment could efficiently provide
calculable emergency information to decision-makers and improve an individual’s navigation ability
inside structures, as discussed in Section 4.

3.1. Element Requirements for Indoor Emergency Evacuation

Indoor emergency evacuation is a very complex group behavior. Information about the
distribution characteristics, behavioral characteristics, development of and changes in an evacuation
environment, individual behaviors, dynamic changes, and the interaction among elements may exert
important impacts on an actual evacuation process. A series of significant findings related to emergency
response in various indoor emergency situations has been discussed [46—48]. Based on this research,
during a building fire, critical indoor evacuation information that is required for situational awareness
can be categorized into the three dimensions shown in Figure 1.

| Utilities | \ Seeed

| Size
stucture )y door
Building .
o Information Behaviors
Indoor

Emergency

| 1 Evacuation 1

| Indoor Space | Ml:;’;‘l:‘i‘nl .

Dynamic and Event
Information
Sensor
Information Flre Spmml

Information

Event Rules

Figure 1. Dimensions of indoor emergency evacuation.
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3.1.1. Indoor Building Information

The spatial distribution characteristics and dynamic changes of building information during
the simulation period should be accurately presented. The spatial distribution of the elements in
the evacuation scene is directly related to the interaction between the elements and the evacuation
process. Indoor building information includes information about the indoor space, architectural
structure, and emergency utilities. The indoor space is the most important element affecting personnel
activities and is the basic spatial information required for evacuation. The architectural structure is
an important complement to the indoor space, and its semantic information supports evacuation.
The spatial distribution of the emergency utilities significantly influences the evacuation process and
is an important constraint to solve the problems of congestion and retention. Therefore, these three
features are significant elements for accurately describing interactions among indoor objects and
analyzing an individual’s evacuation routes.

3.1.2. Dynamic and Event Information

The simulation and deduction of the fire spread, smoke, temperature field, and space environment
of a building constitute the basis for evacuation safety demonstrations. Thus, fire spread information,
sensor information, and event rules must be defined. Fire spread information is an important factor
that affects an evacuation and serves as an important basis for evaluating evacuation routes. Sensor
information provides important support for simulating changes in a spatial environment and is thus
the basis for evaluating an indoor environment. The event rules are the core drivers for determining
the best people-evacuation system and provide important support for evacuation.

3.1.3. Behaviors

Analyzing the people’s situations during an evacuation is a complicated thought process,
and simulating their behaviors is difficult. Recently, there are many crowd flow models to simulate the
behaviors of people [49,50]. The related crowd flow model can provide the attribute of physiology,
psychology and social to simulate behaviors of people during emergency response. However, according
to the spatial attribute of traditional crowd flow model, this paper discusses only individuals’ speeds,
sizes, and movement types, which are directly related to evacuation route identification. Speed is
an important parameter for calculating evacuation time. Size is an important basis for determining
the smallest spatial unit of indoor space. Finally, movement type is an important basis for assigning
different types of personnel to different evacuation strategies. Based on the characteristics of speed,
size, and movement type, this paper describes an evacuation route algorithm by delineating the
individual differences in an actual situation and then simulating congestion and stagnation during the
evacuation process.

These identified requirements will form the data model representation of the DIFM presented in
the following section.

3.2. Conceptual Data Model

Among the indoor modeling methodologies available, IndoorGML [51] is the most relevant for
indoor spatial information and provides comprehensive geometric and semantic information about
building elements [52]. To obtain indoor building information, IndoorGML uses the semantics and
geometries of building elements and the spaces inside buildings [53]. However, because it presents the
spatial relationships among elements in terms of a network, it cannot be directly employed for the
evacuation of individuals; considerations of personnel behaviors and dynamic information are lacking.
According to previous research [54], CityGML LoD4 building data can be translated to an expanded
definition of an indoor space in IndoorGML. The expanded definition of indoor space improves
the hierarchy and grid representation of an indoor space through a voxelization process, which can
satisfy the complexity and efficacy requirements of indoor services. The DIFM proposed here modifies
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the IndoorGML classes to contain the three previously mentioned critical dimensions and inherit
new characteristics; these changes enable the production of a complete indoor spatial data model
that can facilitate the provision of indoor emergency response information to emergency responders
and decision-makers.

The conceptual data model of DIFM represents the objects and their relationships in terms of three
critical dimensions, as shown in Figure 2. The core objects are the Indoor Space, Indoor Emergency
Grid, and Grid Unit. The Indoor Emergency Grid is a grid set based on the Grid Unit and represents
the basic analysis element in an indoor environment. The other objects are linked to the Indoor Space
or Grid Unit, and their spatial relationships enable spatial analysis in a geo-spatial environment.
Additionally, the DIFM can support indoor dynamic descriptions by updating the values of the Grid
Unit and support event deduction by analyzing the adjacency relationships among the Grid Unit.
Furthermore, this model can accurately simulate an individual’s behavior in corners or bottleneck zones
(such as vertical spaces and doors) using the Grid Unit, which is a voxel that represents a 3D object.

Behaviors
Speed Size Movement Type
T <I> T
Individual
Indoor Building Information

Water Resources Indoor Space —< Building

Fire Utilities Staircase

Indoor Emergency Grid
Gas Pipe ? Story

Electric Shutoffs Grid Unit Components

Dynamic and Event Information

Smoke Detector Event F”C‘Sl.lmk'"j Spreed
Direction
Heat Detector Change Fire_Smoke Spread Speed

Figure 2. Conceptual data model of DIFM (dynamic indoor field model).

Individual is the core element of behaviors. Speed is related to Size and Movement Type.
According to Lo et al. [55], the relationship between an individual’s speed and size during an evacuation
in a normal walking situation can be defined by the following equation:

1.4 0 <075
pi =< 0.04120% —0.590 +1.867 0.75 < p < 4.2 1)
0.1 0>42

where y; is the speed of an evacuee in m/s, and p is the referencing crowd density in persons/m? (Di).
p can be calculated based on the Size and local area.
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When considering slower Movement Types, such as that of disabled people, the evacuation speed
should be reduced. According to Christensen and Sasaki [56], the speed of disabled people who do
not need help is 0.78 m/s, the speed of disabled people who do need help is 0.36 m/s, the average
speed of an electric wheelchair is 0.69 m/s, and the average speed of a manual wheelchair is 0.89 m/s.

Event is the core element of Dynamic and Event Information. The basic element of Event is Change,
which is linked to Smoke Detector, Heat Detector, Fire_Smoke Spread Direction, and Fire_Smoke
Spread Speed. The value of Change can reflect the state of a fire’s trend, and the value of Event can
reflect the situation of the fire.

The detailed design and realization of this conceptual data model are introduced in Section 3.3.

3.3. Logical Data Model

According to the IndoorGML 3 Release Documentation [51], “indoor spatial information is used
to locate stationary or mobile features in indoor space and can provide spatial information services
utilizing their position in indoor space.” The components of a building, such as staircases, floors,
windows, doors, and indoor spaces, are integrated into DIFM. This paper defines these components by
referring to the IndoorGML format and attributes for emergency response. The Story represents the
horizontal space of a Building, and it includes two key features, Window and Door, which are potential
hot spot regions during an evacuation; Window and Door are correlated with FloorID and RoomlID.
Staircase represents the vertical space of a Building and connects adjacent horizontal spaces, thus
creating key life passageways when elevators are unavailable during an evacuation. The horizontal and
vertical spaces are organized by Indoor Space, which is a core object for rapid quantitative calculations
during an evacuation. The organization method of Indoor Space is based on previous studies of indoor
space extraction [54]. Short descriptions of the main objects of DIFM are provided in Table 2.

Table 2. Summary of DIFM objects.

Object Definition Relation
Global element of spatial structures, . .
Building which are aggregates of horizontal and Associated with the Indoor Space

. S during an evacuation.
vertical building components. 8

Associated with indoor features, such as
Individuals, Water Resources, Fire Utilities,
Gas Pipe, Electric Shutoffs, and Indoor
Emergency Grid used for navigation.

Virtual spatial element for evacuation
assessment with both physically and
theoretically bounded areas.

Indoor Space

Indoor grid set with information that

Built using Grid Unit, which describes

Indoor Emergency Grid  describes the features of individuals and individual accessibility, security,
utilities that effect emergency operations. and weight restrictions.
Represents the weight that can be
Grid Unit Indoor calculable grid of features. determined by the type of indoor space
and the event in a location.
Has attributes of size and speed that
Individual Evacuee inside a building. must be considered when
formulating evacuation strategies.
- - - Associated with inaccessible spaces that
titat d litative d t: . . . .
Event Quantitative an quattative description — galiver its value to the Grid Unit to help
of the evacuation process. .
an Individual select a safe route.
Represents the fire spread process
Change Quantitative description of during an evacuation in terms of its

fire spread result.

association with the information
needed to calculate the fire situation.

One of the main objects in the DIFM is the Indoor Space entity. In particular, this object’s
potential to reflect aspects of an emergency situation, such as the trends of hazards, distribution of
individuals, and detailed routing solution, is not considered in IndoorGML. As shown in Figure 3,
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this entity was modified to help individuals become aware of their indoor environment and make
safe evacuation decisions. Geometric and semantic information about detectors, utilities, and fire
spread that corresponds to real-time situations inside a building is associated with the basic calculable
element Grid Unit. Thus, the movement information of individuals and hazard event information
can be substituted by a uniform entity. Based on this core idea, Section 4 introduces a change-based
evacuation method to help an individual avoid congestion and stagnation during an emergency.

s Enumiccations: Size L. Individual Staircase
Movement Type
= -Value -Name -Up_FloorlD
‘N_O_'““I Walking -Type: Movement Type -Down_FloorID
‘D'-““b!@d . -Accessibility
-Electric Wheelchair Speed 1 -
-Manual Wheelchair 4
-Value
1
Fire Water Bucogs apac: Building
Hydrants Resources Usage
e -Name
D -ResourcesID | q 1 L‘ pe i - -Owner
-Type -Name B A:‘"T‘K" sibility -Manager
-Coverage -Usable e -Usage Type
-Is_Secure :
1 1
Kare Bptutie Fire Utilities | 1 .
> 1
-1ID
-Coverage Indoor . Storey
Emergency Grid
-FloorID
Fire Gas Pipe -Weight -Accessibility
Extinguisher 1 -Accessibility
Type -Is_Secure 1 1
-ID -PipelD 1
-Type -Name
-Coverage * * *
Electric (AL Window Door
Shutoffs = ]
: Pl (BT FloorID
-ID “Accessibility || -ReomID -RoomID
-Type s Se.uéure & -Is_Exit -Is_Fire_Door
-Coverage iz -Priority -Is_Exit
1 -Priority
Smoke 1
Detector
Times 1 Event .
-Timestamp 1 FSpread Direct
-Value Period
: -Peric
<<Enumeration>> -Warnning Weight -Timestamp
-Coverage g_ -Direction
Event Type -Type: Event Type
-Fire occurs I
-Fire grows Heat Detector .
-Fire ends
A FSpread
T cramge ||| o
=V (%
-Warnning 1 1| -Timestamp -Timestamp
-Coverage -Value -Value

Figure 3. Logical data model of DIFM.
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4. Change-Based Evacuation Method

Change-based GIS technology has been successfully applied in many fields in recent decades.
Beyond its original purpose—map-making—change-based GIS has become an efficient method
for awareness and prediction analyses of spatial data. Traditional change-based GIS approaches
typically focus on the spatial evolution of large-scale areas based on remote sensing images. However,
an emergency evacuation analysis of an indoor environment in terms of change, such as the evolution of
variables associated with indoor building information, dynamic and event information, and behaviors,
is possible. This paper introduces a change-based evacuation method based on DIFM to establish
individual safety routing out of a building during emergency response.

First, the process an individual uses to analyze evacuation routes and the flow of the change-based
evacuation method must be determined. Based on related research studying human behaviors
in response to fire [57-59], Figure 4 presents a diagram of individual behaviors during the
evacuation process. The arrows in the evacuation process indicate the directions of evacuation
flows. In a fire evacuation, an individual will adjust strategies to respond to the evolution of the
environment. For example, with congestion and stagnation, an individual may wait or turn back and
seek an alternative route. An individual’s evacuation strategy adjustment can balance the evacuation
efficiency and predict potential congestion and stagnation during an evacuation. Consequently, the key
steps during emergency response are summarized in the event chain shown on the left side of Figure 4.

Events Chain Evacuation Process

. Detect fire

Fire happens /

Be aware of situation

Building emergency graph '}

Evacuation starts . Evaluate

/Sh’k‘(l route

Searching potential evacuation route

Encounter dangerous

: arrier
Be aware of ¢ barrie
environment

Fire grows

Updating emergency graph

Move through ¥

f—/) Turn back

Encounter congestion and stagnation

Accessing evacuation route >
<

A4

Congestion and stagnation occurs

Re-routing Get trapped

Evacuate out of building

Figure 4. Diagram of individual behaviors during an evacuation process. Nodes indicate the
individual’s responses to certain events. Arrows indicate the directions of evacuation flows.

According to the event chain, the flow of a change-based evacuation method is shown in
Figure 5. The input data include building information, utilities information, and behavior and fire
settings, which can be modified according to the DIFM. The building emergency grid is based on
the grid units of the extracted indoor space, including information associated with utilities and
individuals. After obtaining the original grid set, a potential evacuation route for each individual
can be calculated by applying a certain search algorithm (e.g., A" algorithm). As the fire grows,
an individual’s evacuation route may intersect with a dangerous barrier, such as a fire or smoke barrier.
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Thus, the security of a potential route should be assessed when establishing each potential evacuation
route. Furthermore, individuals must bypass congestion and stagnation where substantial numbers of
people become trapped along the route. Thus, an individual can evacuate the building by selecting
a reasonable and safe route.

_ [?uildin_g II.: Uti]it}i l-'l Iiell'lavim'hand
\ information | Information fire setting,
v
Building emergency grid
v
E— Building potential evacuation route
!
Y Identification of potential congestion and stagnation

———— " Isthere any clogging and congestion ? =

_I_-"_
N
v

/"Evacuate out \
\_ of building /

Figure 5. Flow chart of the change-based evacuation method.

4.1. Building Emergency Grid

Because a building contains two types of indoor spaces (as shown in Figure 6a, a building is
a footprint consisting of horizontal and vertical spaces), an emergency grid should be established
based on different geometric characteristics. As shown in Figure 6b, a horizontal emergency grid can
be represented as a set of connected grids with a certain elevation. To seamlessly connect the horizontal
emergency grids, the vertical space can be represented as a set of connected grids with elevation
and slope, such as a staircase. Note that a staircase is not available to an individual in a wheelchair.
Consequently, this paper assumes that an individual in a wheelchair can receive help from others to
utilize staircases.

The location of each grid can present many elements during the evacuation event chain.
As defined in the DIFM, the weight of a grid can be calculated in terms of the influence exerted
by utilities, detectors, individuals, and the fire. Available fire utilities and water resources can increase
the security of trapped individuals or allow them to build a security zone as a fire grows. The utility
weight of grids can be calculated using the following equation:

0.0 grid is not covered by utilities
Wytility = 1.0 utility is a water resource 2)
s/dis(u) dis(u) < coverage grid is covered by fire utilities

where s is the grid’s geometric size, and dis(i1) represents the distance to the fire utilities. dis(1) can be
calculated by determining the distance from the grid’s location to the fire utilities; this distance should
be less than the coverage attribute of the fire utilities.
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For detectors, the warning and value attributes can reflect the criticality of the grids. When the
warning attribute of a detector is true, the detector weights of the grids can be calculated using the
following equation:

B 0.0 grid is not covered by detectors 3
Wetetector - s;;’(”;)‘e dis(d) < coverage  grid is covered by detectors ©)

where dis(d) is the distance to the detectors; this distance can be calculated by determining the distance
from the grid’s location to the detector. dis(d) should be less than the coverage attribute of the detector.
These values constitute the real-time data of the detectors. When the warning attribute of a detector is
false, the detector weights of grids are 0.0.

Figure 6. Diagram of horizontal and vertical emergency grids. The horizontal grid can be represented as
a set of connected grids with a certain elevation. The vertical grid can be represented as a set of connected
grids with elevation and slope. (a) A sample indoor space with a staircase; and (b) conceptualized field
model of the sample indoor space.

According to the movement type of an individual, the individual weight of a grid can be defined
as follows:

—% other evacuee’s location

0.0
Windividual = { 4
where i is the speed of the individual. When a grid is not utilized by any evacuees, the w;,iyidua iS
0.0. When other individuals occupy a grid cell, it is not accessible by the targeted evacuee, thus giving
Windividual @ Negative weight.
According to the location and spread information of a fire, the fire weight of the grids can be

defined by the following equation:

0.0 grid is not in fire field )
Whye =
fire - #(f) grid is in fire field

Thus, the final weight of a grid can be calculated as follows:
Werid= awutility+b Wetector +CWindividual +dwﬁre (6)

where a, b, ¢, and d are the ratios of the four weight components. Because, according to the site
assessment, each one of these four aspects (utilities, detector, individual, and fire) is very important
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and may have the key influence during evacuation, in this paper, we assume the ratio of each aspect
is the same. When wyg,;; is equal to 0.0, the related grid can be freely accessed. When w4 is greater
than 0.0, the grid can be safely accessed to help a trapped individual wait or establish a security zone.
When wg,; is less than 0.0, the grid cannot be accessed by individuals.

Additionally, there are two ways that grid weight can be 0.0:

1. The grid is not occupied by utilities, detectors, or individuals and is not in the fire, i.e., each of
the four weight components is 0.0.

2. The grid is covered by fire utilities or water resources (thus, the weight for utilities components is
greater than 0.0) and has been covered by detectors, individuals, fire, or a combination of these.

In Case 1, the evacuees are free to access the grid cell, because the grid weight is 0.0. In Case 2,
it is possible that the grid is a water resource and has been covered by fire and/or individuals and /or
detectors, and the summation of these four weight components incidentally produces a value of 0.0.
In this case, these grids form the border between a dangerous area (grid weight is less than 0.0) and
a security zone (grid weight is greater than 0.0). If the grid is in the fire field, it is not safe, and the
evacuation route for evacuees must try to avoid these grids. Thus, if there are grids with weights
greater than 0.0 near grids with weights of 0.0, the evacuation route should opt for the safer grids with
weights greater than 0.0.

During the establishment of an emergency grid, the geometric location and the weight of the
grids are calculated, as shown in Figure 7.

Step 1. Extraction of indoor space. Based on a previous study [54], the indoor space can be extracted
in grid form based on building information, utility locations, and individual positions.
Step 2. The weight of the grids can be calculated based on Equations (2)—(6) presented above.

/' Building | ‘ Utility / [ Behavior and |
| information \ |\ Information \ \  fire setting |
h 4

Extracting indoor spacd**/

h 4

Calculating weight of grids

7 Y
( End )

.

Figure 7. Flow chart of developing a building emergency grid.

Creating the building emergency grid is the basic step of the proposed change-based evacuation
method. This process can generate an original grid set that can be updated during an evacuation
and supports the calculation of an escape route by providing a potential evacuation route for
each individual.
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4.2. Building Potential Evacuation Route

After constructing an emergency grid, a safe escape route out of the building must be calculated
for each individual. Because the grids are seamlessly connected in both the horizontal space and
vertical space, an emergency grid can be considered as a continuous spatial matrix with different
elevations. Consequently, an optimized route from the individual’s location L; j, to a building exit E; ;)
can be calculated by a certain search algorithm f (e.g., A" algorithm) using the following equation:

Route(i, ) = £(Grid, L(;) E(i1)) @

where Route(i, j) is the grid set of the optimized evacuation route, and Grid is the search structure
based on the emergency grid. The search structure and algorithm f are based on previous studies
involving the A" algorithm [60], which chooses a greater value grid as its path to avoid the situation
in which evacuees pass the grid that is covered by fire utilities or water resources with detectors,
individuals, fire, or a combination of them (grid weight is 0.0). Route(i, ) is related to only the static
emergency grid at a given time and provides a rudimentary evacuation route for individuals in the
event chain. Additionally, the assessment of a potential evacuation Route(i, j) is calculated to ensure
that an individual can avoid a fire or smoke barrier as the fire grows. A characteristic safety index SI
is formulated for Route; according to the following equation, which includes the attributes of static
objects (exit priority p and distance from individual to exits dis) and the attributes of the dynamic
event (surrounding fire warning level 1).

dis k
SI:? 1+ Y wll|,pe(01] (8)

keoRoute(i,f)

where wy denotes the weight of grid k along Route;. The exit priority p is related to the geometric size
of the exit (e.g., its width) and indicates the available capacity for individuals. A suitable route ends
with a greater safety index SI, which has a high priority in route searching.

According to the distribution of exits among the horizontal and vertical indoor spaces,
the evacuation of an individual can be considered as a set of Route(i, j), which are selected based on
the SI of the exits around the individual. Thus, the evacuation route of an individual can be calculated
by the following equation:

Routeindividual = Z Route(i/j) (9)

When constructing a potential evacuation route, not only the shortest move distance but also the
risk associated with moving that distance must be considered. However, merely calculating a suitable
route is inadequate; congestion and stagnation must also be considered.

4.3. Identifying Potential Congestion and Stagnation

Identifying congestion and stagnation manually during an evacuation is simple, whereas doing
so via quantitative analysis is difficult. The key problem is how to calculate the correct population
density to identify potential congestion and stagnation.

Using the k-means algorithm, which can calculate the spatial density of discrete distribution
data, this paper presents the following improved approach for identifying potential congestion and
stagnation at a given time:

Step 1. Identify the cluster number k of individuals by counting the number of available exits.

Step 2. Randomly select k seed positions among individuals.

Step 3. For each seed s, calculate the distance dis from other non-seed positions.

Step 4. Cluster the individuals by dis; if individual p;’s closest seed is s;, classify p; in the group
corresponding to s;.

Step 5. Set the center position of each group as a new seed.
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Step 6. Assess whether the new seed is consistent with the old seed.
Step 7. If the new seed changed, return to Step 3. If the new seed is not changed, calculate the
population density p of the clustered group using the following equation:

n
P~ area (10)
where n is the individual number of clustered groups, and the area can be calculated by

counting the grid number of the clustered group.

Because congestion and stagnation occur around exits, the non-related clustered groups should
be filtered. According to the population density statistics around each exit, congestion and stagnation
can be determined by the following equation:

congestion p € [1.5,2.0]

situation = { (11)

stagnation p > 2.0

When congestion and stagnation occur, the weight of the grids in the clustered group must be
updated by the following equation, and the evacuation route must be re-calculated.

W = —Wgridf (12)

After identifying that the grid is congested, the grid is considered not accessible. Once congestion
starts to occur at one or more grids, these grids become inaccessible, and evacuees who want to pass
through must find a detour in the next step. In this case, the congestion around some doors inside
the building may occur frequently and for short duration. This occurs because, once the density
of evacuees reaches a threshold value, the other evacuees seek a detour. Thus, stagnation is not
common when the evacuees have detour choices. However, once the detour cannot be re-calculated
when the potential doors all have congestion, the evacuee must wait in one of congested areas. Then,
the situation of stagnation (when the density is greater than 2.0) may happen.

Establishing an approach to identify potential congestion and stagnation is an important feat
described in this paper. Using this approach, an efficient evacuation plan can be obtained by re-routing
individuals around congestion and stagnation.

5. Experiment

The effectiveness of the DIFM is tested by modeling an example of a traffic hub with buildings
that are located on the ground and underground. Typically, an evacuation simulation system is
designed and developed for the visualization and validation of a proposed change-based evacuation
method. In this example, indoor building information, dynamic information, and behaviors are added
or set to the proposed mode to support indoor evacuation and management. The primary focus
is the use of a reliable and extensible geographic information framework to achieve visualization,
routing, and data management. OpenSceneGraph is an open 3D application engine that has been
extensively employed in the design and implementation of 3D real-time applications. Because it is well
integrated with a spatial analysis environment, it provides interfaces for evacuation analysis functions.
The simulation was implemented on a computer with an Intel quad core 3.00-GHz CPU and 16.0 GB
RAM. The system’s design features and simulation work will be explained in this section.

5.1. Implementation Framework

The framework used to develop the DIFM and the change-based evacuation method is illustrated
in Figure 8. As shown in this architecture, the LoD4 building data, emergency utilities, behavior
settings, and event settings in the DIFM data model are integrated using plug-ins to import data.
The 3D indoor space and grid units are integrated into an emergency grid with weight restrictions for
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the building environment (as explained in Section 4.1). The evacuation routes for each individual are
searched based on the emergency grid, and the fire is driven by real-time and dynamic information
(as explained in Section 4.2). Congestion and stagnation may occur during the evacuation process
(as explained in Section 4.3). At this stage, the navigation of individuals and environmental change
information are visualized using the experimental platform, which is based on OSG (OpenSceneGraph).

LoD4 Building Data  —— DIFM Input

3D Indoor Space

Emergency Utilities |—— Grid Units

{Di ta Read Plug-ins
3D Building Information

Real Time & Dynamic Information

Behavior Settings  —

Individual Behavioral Inforamtion

Event Settings s

y

System Functions OpenSceneGraph @ Spatial Analysis Plug-ins
3D Visualization Building 3D Indoor Emergency Grid
3D Navigation - ‘”f"‘ <+ Building Potential Evacuation Route

3D Spatial Analysis ' . Identifving Potential Congestion and Stagnation

Figure 8. System implementation framework.

Custom OSG plug-ins can be developed and added to the OSG spatial environmental framework
to realize specific analysis functions for an emergency evacuation. The proposed system architecture
will enable various evacuation management functions, as shown in Figure 8 and explained in the
following sections.

5.2. Experimental Data Specification

The experimental data pertain to the Yujiabao train station in Tianjin, China. As shown in Figure 9a,
the station contains four exits that allow people to exit the station. Figure 9b shows the top view of
the station without terrain. Figure 9¢c,d shows that the station is a three-floor building. Each floor has
a different layout. Figure 9e,f indicates that the station has the necessary indoor building information
and emergency utilities, which are the basic objects in the DIFM. These 3D views can enrich individuals’
perceptions and situation awareness of the indoor environment before they physically enter the station.

The area of the three-floor station is approximately 28,796 square meters. The station contains
approximately six indoor staircases between floors and four staircases connected to the outdoors.
There are also 68 doors, which comprise the main transition portals in the station; 95 fire hydrants;
and 120 smoke and heat detectors, which are sources of dynamic emergency information. The daily
maximal number of passengers and workers in the station is approximately 7000; thus, the simulation
generated 7000 individuals with initial positions to simulate the evacuation and reflect a realistic
situation as much as possible. According to a sampling survey of passengers around the station,
the average height of individuals is 1.75 m (Figure 10a), and the average size of individuals is
0.60 m x 0.30 m (Figure 10b). According to the size of individuals, the grid unit size is set as
0.60 x 0.30 m x 0.2 m. The 0.60 m x 0.30 m is the projected size of individual on X-Y plane, and 0.2 m
is the minimum height of sensors. With this setting, the grid unit can distinguish the individuals
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and sensors in indoor. The fire source was assumed to be located in a corner of a utility room on
Floor 2. The fire spread information was set to 3.0 m/s according to the spatial size of the station.
The pre-movement time was set to 60 s for individuals on Floor 2 (where the fire started), 70 s for
individuals on Floor 3 (where the smoke spread), and 80 s for Floor 1 according to data related to
individual pre-movement times [61].

(@)
Figure 9. Various views of the station being simulated: (a) top view of the station with terrain; (b) top

view of the station without terrain; (c) left view of the station; (d) right view of the station; (e) indoor
close-up view; and (f) close-up view of the evacuation element.

0.60 m

A

175m 030 m

Figure 10. Average height and size of individuals.
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5.3. Simulation and Analysis

Prior to the simulation, the system built an emergency grid for an evacuation. The emergency grid
consists of 3D continuous grid meshes that are walkable for individuals. As shown in the horizontal
green mesh in Figure 11a, the emergency grid reflects horizontal spatial navigable information
around key portals on each floor. Analogously, the emergency grid presents vertical spatial navigable
information around key portals between floors or key exits between indoors and outdoors, as shown by
the green gradient mesh in Figure 11b. The emergency grid indicates the available area and dangerous
area by calculating the weight of each grid as described in Section 4.2. During an evacuation, congestion
and stagnation may occur around doors, staircases, and exits. The emergency grid can also provide
the ability to shunt the crowd around these events, as mentioned in Section 4.3. Note that a potential
safe route for individuals must detour around the fire-affected area, which has a negative grid weight.

(a) (b)

Figure 11. Emergency grid of the station: (a) horizontal emergency grid around a door on Floor 2;
and (b) vertical emergency grid between indoors and outdoors.

During the simulation, the system recorded the movement of each individual and statistical
information for every exit. Figure 12 shows the process of congestion and re-routing during evacuation.
As shown in Figure 12a, at the beginning of the evacuation simulation, the evacuees are placed
manually in grids around the indoor environment, and the fire is placed at a corner of a utility room
on Floor 2.

As shown in Figure 12b, the number of evacuees around Exits 1, 2, 3, and 4 begins to increase,
which will decrease the evacuation speed. As shown in Figure 12¢, because Exit 3 is located in the
lower right corner of Floor 2 between and beyond Exits 2 and 4, the evacuees will first choose Exits
2 and 4 and rapidly cause the underutilization of Exit 3. Congestion occurs around Exits 1, 2, and 4.
As shown in Figure 12d, as evacuation progressed, the evacuees around Exits 1, 2, and 4 began to
reroute to Exit 3 to avoid congestion.

The statistical information collected during the evacuation is summarized in Figure 13.
The remaining number of individuals is defined according to the time at which the last individual
exits the station. The emergency response time is the total evacuation time of the building because all
individuals had to leave the station via the four exits mentioned in Section 5.2. Evacuations of the three
floors are parallel, and the evacuation time is primarily dependent on the spatial distribution; dynamic
elements, such as the fire-affected distribution; and routing strategy. The potential congestion and
stagnation around the key portals and exits may cause long delays in entering a staircase or exiting the
building. As shown in Figure 13, from 10 min to 45 min after the fire started, the evacuation speed and
pass speed significantly decreased because of congestion or stagnation.
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Troorroorrooere
= :

Exit 4 !ﬁ
i
A
: Exit 3
Exit 2
(a)t=0 (b) t =10min

(c) t=15min (d) t=50min

Figure 12. The location distribution of evacuees on Floor 2 during evacuation: (a) the initial location
distribution of evacuees at the beginning of evacuation; (b) the location distribution of evacuees 10 min
after evacuation initiation; (c) the location distribution of evacuees 15 min after evacuation initiation;
and (d) the location distribution of evacuees 50 min after evacuation initiation.
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Figure 13. Statistical information collected during the simulated evacuation.

The evacuation simulation required 76 min. As the fire grew, the spatial analysis plug-ins
constructed a detailed evacuation route for each individual and avoided potential congestion resulting
from affected individuals becoming trapped around doors or exits. The capability of the simulation
can be observed by 3D visualization. Congestion occurred around the key regions where crowds
must pass in different directions and converge, such as exits or portals near exits. Figure 14 shows
the congestion around key portals and exits in the station when individuals were moving outdoors.
Figure 14a,c reveal that the adjacent portals can realize self-shunting despite the width of the doors,
which enable only 1-2 people to pass. Figure 14b,d demonstrates that congestion occurs readily around
vertical spaces because the pass speed in a staircase is lower than that in the horizontal space. Figure 14
shows the macro level to simulate the evacuation at building or floor level, which uses the gird set to
analyze the potential congestion. The availability of dynamic features calculated based on an indoor
building and dynamic setting can enable the visualization of this analysis or predict information in real
time using the proposed model, which would enhance decision-making. Furthermore, the proposed
model and evacuation simulation method can provide a micro level to simulate the behavior during
evacuation in individual aspects, such as navigation or re-routing.

"
4\ -y -
| 8 ."\ L "

Pl

(©)

Figure 14. Congestion around key portals and exits: (a) congestion around a key portal on Floor 2 near
Exit 1; (b) congestion around Exit 2; (c) congestion around Exit 3; and (d) congestion around Exit 4.
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To compare the statistical information for each exit, a counter was placed at each exit of the station
to count the individuals who passed over time. The gathered data are illustrated as a function of the
elapsed time in Figure 15. Each exit can achieve an evacuation flow of approximately 35 individuals
per minute. However, noticeable congestion occurred around Exits 1, 2, and 4 within the next 30 min
as the flow clustered within approximately 5 min because all individuals were assigned a route to his
or her nearest exit. Because the four exits have the same geometric size and evacuation pattern, the
evacuation speed of each exit increases at the same rate before minute 10. Note that Exit 3 appeared
to be substantially underutilized. According to the shunting strategy introduced in Section 4 for
re-routing individuals during congestion, Exit 3 subsequently started to be utilized for the evacuation
of extra individuals at Exits 1, 2, and 4. Additionally, as shown in Figure 12c, as some evacuees around
Exits 1, 2, and 4 re-routed to Exit 3 after 15 min, Exit 3 started to allow the congested evacuees to
pass through, which also relieved the evacuation pressure of the other three exits. This situation will
produce another evacuation balance for the four exits; the evacuees are then allocated to each exit
relatively, which will lead to each exit having little difference in evacuation speed after 50 min. After
approximately 65 min, balanced evacuation was achieved as the remaining individuals were reassigned
according to the dynamic calculation of congestion based on population density. The evacuation ended
after 76 min. Figure 15 shows the total number of evacuees passing through each exit per minute.
The value 0 on the vertical axis indicates stagnation (for example at 25 min for Exit 2) or complete
underutilization (for example at 15 min for Exit 3).

z

?

;;" -8 Fxit 1
-

Ho o Exit 2
.,é Exit 3
U 7 :
(_% - Exit 4

30 35 40 45 50 55 60 €5 70 75 80

Evacuation Time (minute)

Figure 15. Speed of evacuee passing through each exit in the station with the proposed model.

While the number of individuals changed, the DIFM can simulate a different evacuation situation.
As shown in Figure 16, according to the experiment’s repeatable principle, this paper choose another
two number and level of individuals to verify the reliability and availability of the proposed model and
method. The Figure 16a shows the statistical information collected during the simulated evacuation
based on 4000 individuals. Figure 16b shows the speed of evacuee passing through each exit in the
station based on 4000 individuals. While setting the number of individuals as 4000, the distribution of
individuals is sparser than 7000 individuals according to the average area of each person. This number
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and level of individuals can also produce a slight congestion refer to the ratio of evacuation speed.
The Figure 16c shows the statistical information collected during the simulated evacuation based on
2000 individuals. Figure 16d shows the speed of evacuee passing through each exit in the station based
on 2000 individuals, which is sparser than 4000 individuals. This number and level of individuals can
evacuee to outside very smoothly without any congestion. According to the comparisons of Figure 13,
Figure 15, and Figure 16, the proposed DIFM model and related method can simulate and analysis
different number and level of individuals in a complex indoor environment, and the analysis result
can provide an available reference to related indoor emergency decision-maker.
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Figure 16. Evacuation analysis based on different number of individuals: (a) statistical information
collected during the simulated evacuation based on 4000 individuals; (b) speed of evacuee passing
through each exit in the station based on 4000 individuals; (c) statistical information collected during
the simulated evacuation based on 2000 individuals; and (d) speed of evacuee passing through each
exit in the station based on 2000 individuals.

The simulation and analysis reveal that congestion can occur readily and lead to significant delays
in reaching exits inside the building, which increases evacuation time and exposure to dangerous
areas. The experimental case assessed in this paper is a complicated three-floor railway station, which
was chosen for the purpose of vivid comparison and 3D visualization. However, real cases can be
complicated by additional fire spreading; thus, the use of DIFM would be more effective because of its
ability to identify congestion and achieve effective routing.

Because this paper only set a single fire with a constant speed on Floor 2 rather than multiple
fires with the fire dynamics simulator (FDS) model around the indoor environment, there are no
individuals trapped in an affected area and no casualties. The main focus of this simulation was to
verify the proposed indoor field model during evacuation for navigation and the analysis of potential
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congestion and stagnation. The simulation of multiple fires with the FDS model will be considered in
a future study.

Compared with the proposed model, the traditional 3D network model shows a connection
relationship between indoor spaces, such as rooms, staircases, corridors, and doors. The 3D network
model will filter the obstacles, such as chairs and desks. Additionally, it considers the individual flow
as nodes distributed along the network. As shown in Figure 17, after making a region partition based
on the grids with semantic information, the 3D network can be built by connecting the adjacent and
interlinked regions. Figure 17a shows all the regions of Floor 1, and the 3D network will filter the
invalid regions that individuals are forbidden to access, such as the railway. Figure 17b shows the
regions of Floor 2. Figure 17c shows the 3D network based on the valid regions of both Floor 1 and
Floor 2. The node in the 3D network indicates an indoor access space, and the connected edge between
nodes indicates the interlinked relationships of adjacent indoor spaces. Combined with the distribution
of evacuees in Figure 12a, the nodes are allocated an attribute of individual flow by counting the
closest evacuees around the related nodes. Then, the evacuation of the 3D network can use the shortest
path algorithm, such as the classic Dijkstra algorithm [62], to simulate the navigation and evacuation
of the station.

Figure 17. 3D network of the experiment station data: (a) the region partition based on grids of Floor 1;
(b) the region partition based on grids of Floor 2; and (c) the 3D network based on region partition of
the station.
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As performed in the prior analysis, by counting the number of evacuees passing through each exit
per minute, Figure 18 shows the statistical information regarding the speed of evacuee flow through
the four exits. Because the node of the four exits did not consider the congestion situation and the
shortest path algorithm sent the evacuee flow to the nearest exit, Exit 4 is the end of most nodes because
of its location and the distribution of nodes throughout the 3D network. As a result, the evacuation
takes approximately 25 min, and the speed of evacuees passing through each exit is not the same,
which is also caused by the location of each exit and the distribution of nodes.
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Figure 18. Speed of evacuee passing through each exit in the station with the 3D network.

Compared with this paper’s proposed model, the 3D network can simulate the evacuation
or navigation in a multi-story building. However, it cannot describe the individual’s behavior,
which influences the detailed evacuation situation, especially around doors and exits. Furthermore,
it cannot analyze the potential congestion or stagnation because it ignores the geometric size of
individuals, doors, and exits. Consequently, the proposed model is more suitable for a much more
complicated and detailed emergency evacuation.

6. Conclusions

This paper illustrates the effectiveness of the proposed DIFM for: (1) the analysis of static
information and dynamic information, such as building, sensor, fire spread, and personnel behavior;
(2) supporting evacuation analysis from the macro level (building level and floor level) to the micro level
(room level and individual level) based on horizontal and vertical indoor spaces; and (3) supporting
continuous spatial calculations based on a 3D space grid to predict potential congestion and stagnation
during an evacuation. Additionally, this paper introduced a change-based evacuation method built on
the implemented model. A simulation of a real railway station model revealed that the congestion
phenomenon and delay response caused by a fire were successfully replicated in the 3D visualization.
The proposed model and related algorithm are effective for planning indoor emergency routes that
avoid multiple fire-affected areas and potential congestion or stagnation.

This research reveals the possibility and benefits of applying GIS technology in an emergency
response model for indoor environments. The new model and related algorithm were developed by
extending GIS technology to an evacuation system that analyzed the indoor spatial relationships among
static and dynamic elements. This model represents the potential for extending large-scale evacuation
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analysis to, for instance, the simulation of urban areas. With the development of GIS, the proposed
model could also be easily applied to outdoor environments. Furthermore, the entire evacuation could
be represented within a multi-scale framework in a virtual geographical environment. Future studies
will apply a detailed fire dynamic model, such as the fire dynamics simulator (FDS) model, to the
dynamic and event information to perform a detailed analysis and optimize the computational process
to improve its efficiency. Furthermore, the future studies will make a further study on crowd flow
model to rich our works, with considering the people’s physiology, psychology and social attribute,
including the age, gender respiratory rate, familiarity level of environment, sensitivity and patience.
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