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Abstract: Emergency events in the industrial sector have been increasingly reported during the past
decade. However, studies that focus on emergency evacuation to improve industrial safety are still
scarce. Existing evacuation-related studies also lack a perspective of fire assembly point’s analysis.
In this research, location of assembly points is analyzed using the multi-criteria decision analysis
(MCDA) technique based on the integrated information entropy weight (IEW) and techniques for
order preference by similarity to ideal solution (TOPSIS) to support the fire evacuation plan. Next, we
propose a novel simulation model that integrates fire dynamics simulation coupled with agent-based
evacuation simulation to evaluate the impact of smoke and visibility from fire on evacuee behavior.
Factors related to agent and building characteristics are examined for fire perception of evacuees,
evacuees with physical disabilities, escape door width, fire location, and occupancy density. Then, the
proposed model is applied to a case study of a home appliance factory in Chachoengsao, Thailand.
Finally, results for the total evacuation time and the number of remaining occupants are statistically
examined to suggest proper evacuation planning.

Keywords: fire dynamics simulation; evacuation model; assembly point selection; industrial safety;
information entropy weight; techniques for order preference by similarity to ideal solution

1. Introduction

Fire emergency is considered a major catastrophic event causing loss and injury to
human life and property. The Federal Emergency and Management Agency [1] reported
more than 1.3 million fires, more than 3600 deaths, more than 15,000 injuries, and an
estimated $25.6 billion loss in economic damage in the United States in 2018. The rapid
damage and increasing trend from these fires urge not only the private sector but also the
government sector around the globe to plan better for managing safety and mitigating
these emergencies [2,3]. The emergency management literature can be categorized based
on the four-phase planning of the emergency management cycle related to the pre- and
post-operations [4]. The first phase is the mitigation phase with an aim to reduce the impact
of the emergency occurrence. Next, the second phase is called the preparedness phase,
and the aim is to prepare for an emergency response. The third phase, the response phase,
is concerned with immediate response when the emergency has occurred. The recovery
phase is the fourth phase with a purpose to revert a tragic situation to a normal state. A
number of recent research studies have suggested that studies focusing on post-emergency
management are needed [5-7].

In this study, the assembly point and fire emergency are assessed during the pre-
emergency operation, whereas an evacuation analysis is conducted during the post-
emergency operation. In particular, a computer-based simulation technique is used to
analyze complex situations with high uncertainties in the industrial safety. While most
mathematical models can be used to assist in strategic decision-making at a macro level,
computer simulation models are more suitable for complex operational problems [8]. The
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methodology employed in this study is based on the use of the multi-criteria decision analy-
sis (MCDA) tool by using Technique for Order Preference by Similarity to the Ideal Solution
(TOPSIS) combined with Information Entropy Weight (IEW) to analyze the selection of the
assembly point, which is later used as an exit point for the evacuation simulation model in
an integrated way. In addition, the input file to create a fire emergency scenario is prepared
using PyroSim, which is a graphical user interface for the Fire Dynamics Simulator (FDS).
In particular, PyroSim can be used to create fire simulations to predict smoke movement
and temperature during a fire in the study area. Then, the location of the selected assembly
point and analyzed fire characteristics are combined and used to verify and validate the
development of an agent-based simulation model, which is modeled using PathFinder to
plan for an evacuation.

The case study used to verify and validate the proposed model is based on the
actual data related to the home appliance industry located in Chachoengsao, Thailand.
One particular manufacturing building is selected to simulate a fire emergency and the
evacuation plan is then analyzed. The designed experiment was conducted on factors
related to the agent and building characteristics: (1) fire perception of evacuees, (2) evacuees
with physical disabilities, (3) escape door width, (4) fire location, and (5) occupancy density.
The simulation results are then obtained for the total evacuation time and the number
of remaining evacuees in each period. Finally, these results are statistically analyzed to
understand how varying factor impacts key managerial decisions.

The remaining sections are organized as follows. We overview the literature review in
Section 2. Then, an analysis of assembly point selection are presented in Section 3. Next,
our integrated fire dynamic simulation and agent-based evacuation modeling are discussed
in Section 4. Finally, Section 5 provides research conclusion and future research directions.

2. Literature Review

Recent studies related to fire emergency management and evacuation planning are
next reviewed, which can be further divided into pre-emergency as well as post-emergency
management. In particular, while fire protection strategy and an assembly point analysis
are related to the pre-emergency management, fire modeling and evacuation modeling
studies are concerning the post-emergency analysis. In addition, factors examined during
the post-emergency evacuation study as well as MCDA technique deemed important
during an emergency management are further reviewed (Table 1).

There are a number of studies that investigate the pre-emergency strategies for the
fire protection design (e.g., Mawhinney [9], Kironji [10], Mroéz et al. [11], Tomar and
Khurana [12], and Rahardjo and Prihanton [13]) and the assembly point analysis (e.g.,
Raja Prasad and Prasad Rao [14], Unal and Uslu [15], Hoscan and Cetinyokus [16], and
Senik and Uzun [17]). For example, Kironji [10] assessed fire protection systems, such as
the automatic sprinkler system, fire protection alarm, and escape route, for a commercial
high-rise building. The authors suggested different mitigation strategies related to the
inspection and maintenance of fire protection systems. Tomar and Khurana [12] evaluated
the impact of passive fire protection for a fire case study of road tunnel. Both the impact
of peak heat release rate and the temperature inside the tunnel are investigated. Recently,
Rahardjo and Prihanton [13] proposed recommendations concerning critical challenges for
fire safety. Factors concerning the access for fire officers, the connection to neighborhood
road, and the condition of fire suppression system were discussed.

Additionally, Unal and Uslu [15] applied the geographic information system (GIS)
to analyze location of emergency shelters to be used as an assembly point for evacuees.
Various factors related to area size, accessibility, and capacity are examined. Hoscan and
Cetinyokus [16] proposed the analytic hierarchy process-based model to examine criteria
for selecting an assembly point in the event of industrial accidents. Various criteria related
to mitigation strategy, coordination, transportation, and physical properties are evaluated.
Then, the authors applied the hazard modeling program called ALOHA to verify and
validate their model. Senik and Uzun [17] have recently analyzed the site selection problem
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for assembly points and temporary shelter areas. Criteria related to the proximity to
healthcare organization, proximity to main roads, and proximity to existing building were
analyzed and the ArcGIS was used to verify their study.

Table 1. Summary of literature review.

Pre-Emergency Post-Emergency

Existing Studies Fire Assembly Fire Evacuation ]Ig(:iﬁziitg;sﬁfogﬁ Inﬁ%r]ggve
Protection Point Model Model
Mawhinney [9] Vv
Kironji [10] Vv AHP
Mroz et al. [11] Vv
Tomar and Khurana [12] Vv
Rahardjo and Prihanton [13] Vv
Raja Prasad and Prasad Rao [14] v
Unal and Uslu [15] Vv
Hoscan and Cetinyokus [16] Vv AHP
Senik and Uzun [17] vV
Deckers et al. [18] Vv
Suard et al. [19] Vv
Zhao et al. [20] Vv
Huang et al. [21] Vv
Ding et al. [22] Vv Occupant load, Stair
Liu et al. [23] Vv Occupant, Distance
Wu and Mizuno [24] Vv Occupant speed, flow
Chen et al. [25] Vv Occupant behavior, Stair
Tang and Ren [26] Vv 4 Fire, Building data
Fire, Occupant load, Stair,
Yang etal. [27] 4 4 Fire duration
Tsang et al. [28] Vv Vv Fire, Occupant load
Marzouk and Al Daour [29] Vv Occupant, Project TOPSIS
Tan et al. [30] 4 Knowledge, Route
Luetal. [31] V4
Hong et al. [32] Vv Occupant, Stair, Escalator
Lietal. [33] Vv Vv Fire, Occupant behavior
Rozo et al. [34] V4 Occupant, Ramp, Stair
Zhang et al. [35] N4
Wang et al. [36] Vv
Fire location, Escape door,
This study N J J Occupant density, IEW /TOPSIS

Occupant’s perception
and physical condition

A number of researchers propose models that focus on the patterns of fires for dif-
ferent post-emergency situations. For example, Deckers et al. [18] proposed a car park
fire simulation model and conducted a designed experiment to control smoke and heat
levels using horizontal ventilation. In addition, Suard et al. [19] developed a simulation
model of fire-induced doorway flows and evaluated the model in a small-scale enclosure.
Zhao et al. [20] conducted a simulation study by analyzing fire-induced smoke movement
in the stairwell of a high-rise building. The authors suggested that the pressure inside
and outside the stairwell is varied with height. Huang et al. [21] developed the model to
analyze the fire detection process in a chamber under various fire scenarios. Regardless,
there is a need to enhance a perspective for post-fire emergency analysis, which is a core
activity during the response and recovery phases of the emergency management cycle.

In addition, simulation models have also been developed to encounter an evacu-
ation problem in various emergencies in the post-emergency activities. For instance,
Ding et al. [22] analyzed the evacuation strategies to evaluate a combination of stairs and
elevators to evacuate from a high-rise building. Liu et al. [23] proposed the model to
analyze the interrelationships between layouts of the classroom and proper migration
strategies. Wu and Mizuno [24] developed a dynamic simulation model for large-scale
evacuation from an ultra-high-rise building. The crowd dynamic simulation model devel-
oped by Chen et al. [25] was proposed to analyze a case study of a subway fire evacuation.
Longer evacuation time was found to increase when the level of crowd dispersion increases.
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Recent simulation studies have integrated both fire analysis during the preparedness
phase and fire evacuation during the response phase of an emergency management cycle.
For example, Tang and Ren [26] developed an integrated indoor fire simulation and
an evacuation model in which factors related to the building environment are assessed.
Furthermore, Yang et al. [27] proposed a fire and evacuation simulation model for subway
stations and analyzed the influence of various factors related to an emergency evacuation.
The simulation model developed by Tsang et al. [28] was proposed to tackle fire emergency
and evacuation strategy in the event of high occupant loads in a rock cavern. Nevertheless,
there is a need to include mathematical analysis to incorporate alternatives of assembly
points to guide evacuees from inside the building to a safe spot outside.

A research community has suggested that an integration of MCDA tools with other
analytical methods is needed [37,38]. In addition, an application in emerging research areas
is encouraged. In the research area of emergency management, Marzouk and Al Daour [29]
proposed a simulation model to plan for evacuating construction workers under various
conditions. The authors applied TOPSIS technique, one of the well-known MCDA tools,
to analyze the appropriate construction evacuation options. Regardless, studies applying
MCDA tools in the area of emergency management are relatively scarce and integrating
MCDA tools with simulation modeling framework has not been found. In particular, we
highlight gaps in the existing research and discuss our proposed study as follows.

e  Our simulation model assesses the fire emergency during the pre-emergency and
evaluates the post-emergency evacuation problem in an integrated way. In addition,
fire patterns are analyzed based on different fire locations in the building to estimate
the visibility data, which are essential for proper analysis of the evacuation plan.

e There is an increasing trend for models that evaluate evacuee characteristics. In
this study, various aspects related to both building and evacuees are analyzed. In
particular, different fire perception of evacuees, evacuees with physical disabilities,
escape door width, fire locations, and occupancy density are assessed.

e  Although simulation models have been proposed for emergency operations, they lack
an integrated aspect with MCDA tools. In this study, IEW and TOPSIS techniques
are integrated with the proposed simulation model to analyze appropriate assembly
points located outside the building.

e In our study, we investigated integrated fire patterns and evacuation modeling using
an actual case study of the home appliance factory in which the concrete floor plans
and data are verified and validated with the exemplified company.

3. Methodology
3.1. Case Study

We next discuss the case study of a home-appliance factory, which manufactures
electrical and electronic products for consumers. In particular, the electrical and electronic
industry is considered vulnerable to fire as there is a large quantity of raw materials that
are flammable. In addition, the case-study company is selected, given a comparably large
size, high number of employees, and availability for data collection. Specifically, the
factory layout comprises five main industrial buildings and there are four assembly points
located outside the buildings (Figure 1). The three-story building located at the main
area (Figure 1a) is used to simulate the fire emergency and evacuation plan in this study.
During a regular production time, there are approximately 1000 occupants working in the
simulated building. In addition, during an overtime period, an estimated 700 occupants
are in the building. Additionally, the peak occupancy period is when intensive meetings
and events are organized, in which approximately 1300 people are occupying the building.
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Figure 1. Home appliance factory (a) actual layout (b) simulated building with fire emergency (c) exit door location.

In addition, Figure 1b shows the layout of the simulated building, in which the fire
emergency occurs. In particular, two fire sources are dispersedly simulated at the first floor
and the third floor. That is, shown in Figure 1b, is an area of the first floor with an open
ceiling and production machines and flammable materials. In addition, the second fire
location is simulated on the third floor near the fire escape route, which will likely affect
the fire escape route. Four positions of the possible assembly points are also presented
in Figure 1b. Additionally, different location of fire exits of the building are presented in
Figure 1c.

3.2. Experiment Design

In this study, the experimental plan is conducted as shown in Figure 2. Initially, assem-
bly points are analyzed using IEW and TOPSIS techniques and are later used as the outdoor
exit location of the evacuation simulation model. In addition, a fire dynamic simulation
model is developed to collect visibility and smoke-spread data from a hypothetical fire
emergency in the building. Then, these obtained data are used to compute the speed factor
data, which are used as input data for the agent-based evacuation simulation model. In
particular, evacuees represent agents in the system, in which the behavior will be observed.
Next, the second part of a designed experiment is to develop the evacuation simulation
model, in which five main evacuation-related factors are analyzed. In particular, two
agent-related factors (i.e., fire perception and physical disability), two building-related
factors (i.e., escape door width and fire location), and one more agent factor (i.e., occu-
pancy density) representing an interaction between agent and building characteristics are
investigated. Finally, simulation output data related to the total evacuation time and the
remaining number of occupants over each period are statistically analyzed.
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Figure 2. Experimental plan of the proposed research.

We next discuss five factors associated with agent and building characteristics as well

as related model characteristics as follows (Table 2).

Fire perception: The first factor is relevant to the awareness of the building evacuee
(agent) to the fire emergency. This factor can be used to judge how much information
is known to occupants, which is classified into two levels: (1) “100% perception” level
implies that all evacuees have a complete acknowledgment of the fire emergency and
can respond immediately, which assumes to be within 10 s; and (2) “80% perception”
level implies that about 20% of all evacuees lacks data on fire emergency and is
assumed to respond after 2 min. In particular, when an occupant is close to the
fire area and can easily perceive the fire, he or she will be able to recognize the fire
occurrence and respond to the alarm time within 10 s. In contrast, if an occupant stays
far away in other areas, delay action may occur and the response time is set to be
within 2 min [39].

Physical disability: This comprises two levels: (1) “No persons with disability” level
implies that there are no occupants with disabilities in the building, and (2) “1% with
disability” level means that about 1% of occupants use a wheelchair and requires
special attention. We used 1% based on the industrial regulation required for people
with disabilities [40].

Escape door width: The escape door pertains to the building characteristic, and we
separated this factor into two levels: (1) “80 cm” level is the current width of all the
building’s escape doors for the current building, and (2) “110 cm” level implies that
the doors” width is increased to 110 cm to aid occupants during evacuation and to
follow recent regulation [41].

Fire location: This building characteristic represents different locations of fire emer-
gency in the building, which are divided into two levels: (1) “First floor” level is when
the simulated fire is reported from the first floor near the inflammable material and
(2) “Third floor” level illustrates a simulated fire on the third floor near the sever
room. Different fire sources should be chosen for the simualtion model to illustrate
the impact of fire source from varied locations [42]. In this study, fire locations are
selected based on the discussion with the stakeholders of the case-study company, in
which previous accidents had occurred at the case-study building. Additionally, the



Safety 2021, 7, 47

7 of 21

two chosen fire locations exhibits varied aspects of inflammable material, distance to
the escape door, ceilling height, limited area, and possible damage that may occur.

e  Occupancy density: This factor is used to illustrate an interaction between the agent
and building characteristics in terms of agent density and building usage, which are
classified into three levels: (1) “Low density” level represents the condition that the
number of building occupants is sparse such as during overtime; (2) “Normal density”
level presents the number of building occupants during the regular working time; and
(3) “High density” denotes the time that the production is at the full capacity, and the
number of occupants is high due to various organized events.

Table 2. Factors and levels for the experiment.

Factors Level Simulation Model Setting
(1) Fire Perception (1) 100% perception Set initial delay time based on [39]
(2) 80% perception Set initial delay time based on [39]
(2) Physical Disability (1) No disabled person Set occupant profile as regular
(2) Yes (1% disabled) Set occupant as disabled person with wheelchair
(8) Escape Door Width (1) 80 cm Set the width of the escape door to 80 cm
(2) 110 cm Set the width of the escape door to 110 cm
(4) Fire Location (1) First floor Set the fire location at the injection area (1st floor)
(2) Third floor Set the fire location at the Server room (3rd floor)
(5) Occupancy Density (1) Low density Set the number of occupants to 700 persons
(2) Normal density Set the number of occupants to 1000 persons
(3) High density Set the number of occupants to 1300 persons
In an initial designed experiment, each factor is independently evaluated for its impact
for the evacuation process. That is, the base scenario (i.e., Scenario 0) is when all occupants
are assumed to have 100% fire awareness, no occupants with disabilities in the building,
the width of all escape doors is 80 cm, the fire origin is reported on the first floor of the
building, and a normal density of occupants with 1000 evacuees. Next, six scenarios are
independently compared with the base scenario in which each factor is analyzed as shown
in Table 3. That is, the first, second, and third scenarios illustrate when fire perception,
physical disability, and the escape door width are evaluated. In addition, the fourth and the
fifth scenarios illustrate when the occupant density is at low and high density, respectively.
Additionally, the sixth scenario shows the impact of replacing the fire location from the first
to the third floor. For each scenario, 10 trials are run, and the average total evacuation time
and the average number of remaining occupants are analyzed. Then, all the key factors are
to be further simultaneously evaluated using factorial design to understand the interaction
among factors.
Table 3. Experiment design for each scenario.
Agent Building Agent-Building
Scenario
Fire Perception = Physical Disability =~ Door Width (cm) Fire Location Density of Evacuee
Scenario 0 (Base) 100% No 80 First floor Normal
Scenario 1 80% No 80 First floor Normal
Scenario 2 100% Yes 80 First floor Normal
Scenario 3 100% No 110 First floor Normal
Scenario 4 100% No 80 First floor Low
Scenario 5 100% No 80 First floor High
Scenario 6 100% No 80 Third floor Normal
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3.3. Analysis of Fire Assembly Point Using IEW and TOPSIS

We next discuss the selection problem of fire assembly points for the home appliance
factory, which will be later used to verify and validate the proposed simulation model.
There are various criteria concerning a decision to choose fire assembly points, [43,44]
which may conflict with each other. Thus, the selection problem for fire assembly points
can be considered a type of MCDA problem. Initially, we analyzed criteria associated with
a decision to select assembly points using the IEW technique. Then, the obtained weights
are combined with the TOPSIS technique to analyze alternatives of the assembly points.

3.3.1. IEW Technique

Criteria analysis can be conducted using a number of analytical methods to obtain
relative weights. Typically, subjective opinions from the decision maker may be evaluated
and analyzed with common MCDA tools such as Borda Count and Analytic Hierarchy
Process (AHP) [45]. However, expert judgment may be sensitive to the interpretation of an
individual decision maker. In contrast, the IEW technique can be used to determine the
relative weights by using existing data and is, thus, employed in this study [46,47]. We
next discuss the IEW method shown in Equations (1)—(4).

Step 1: Scale a normalize decision matrix called a projection value (p) in which x;; is
decision-making information for alternative i with respect to criterion j (Equation (1)).

xij

pij = 1)

x,'j

Tras

1

Step 2: Compute the Entropy value (e) for each criterion j, where m is a number of
alternatives as shown in Equation (2).

1 m
ej = " In(m) & pijIn(pij) 2)

Step 3: Compute the degree of divergence (div) for each criterion j (Equation (3)), which
represents information concentration. In particular, the higher the degree of convergence,
the more important the criterion being considered.

di?)j =1- €j (3)
Step 4: Compute the relative weight of each criterion j as shown in Equation (4).

dlU]

1 .
Y. div;
j=1

3.3.2. TOPSIS Technique

The TOPSIS technique is based on the concept that the chosen alternative should
have the shortest geometric distance from the positive ideal solution (PIS) and the longest
geometric distance from the negative ideal solution (NIS) [48,49]. In particular, PIS (NIS) is
an alternative that has the best (worst) score among all considered criteria. The TOPSIS
method is further elaborated in Equations (5)-(12).

Step 1: Create a decision-making matrix and then normalize the matrix (r;;) by scaling
data to be unitless, which will be later used to compare different data between criteria
(Equation (5)).

xl']'
rij = —— ©)

It
=
Naid \S)
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Step 2: Based on the relative weight obtained from Equation (4) and the normalized
scale in Equation (5), compute the weighted normalized decision matrix (v;;) as shown in
Equation (6)

vij = Wirij (6)

Step 3: Compute the PIS and NIS values, which are shown as Ax and A’ in Equations (7)
and (8), respectively. In addition, set ] (J') is the set of criteria having a positive (negative)
impact, in which a higher (lower) value is desired.

«_ max(v), j€]
] min(vij), jey

@)

Ax = {v],..., v} where v

®)

min(v;; s j EI
A/ — {v’l,. . .,v;} where Z);- = maX((U;]]'))/ ]] (= ]/

Step 4: Compute the separation measure for each alternative, where S;x(S;’) is the
separation measure from the PIS (NIS) as shown in Equations (9) and (10), respectively.

n
Sk = | 2 (v —v7)? ©
=1

—

™=

S/ = (vij — U})z (10)

Il
—_

\j

Step 5: Compute the relative closeness (C;') value that approaches the best alternative
as shown in Equations (11) and (12). In particular, the resulting value will be between 0 and
1, where 0 (1) represents the alternative solution that has the worst (best) condition. That
is, 0 (1) implies that the solution has the longest (shortest) distance from PIS and shortest
(longest) to NIS.

S'/
Cf = ——t 11
! S; * +Si/ (1)
S =0 A=A 12)

3.3.3. Analysis of Assembly Points

An analysis of assembly points using an integrated IEW and TOPSIS technique is next
discussed. According to [43,44], at least two assembly points should also be allocated for
an emergency management in the event of a possibly inaccessible location. In this case
study, there are four alternatives for assembly points surrounding the home appliance
factory (Figure 1b), which are (1) the front of the factory, (2) the canteen area near the
guardhouse, (3) the bus parking area, and (4) the back area near the warehouse. In addition,
the locations of the three main flammable sources, a medical room, and associated road
directions are shown within the factory area.

Next, seven criteria used in the analysis of the assembly point are labeled A to G,
where A is the distance between the simulated fire source and each assembly point (meter),
B is the capacity of each assembly point (square meter), C is the distance from the closest
flammable source to each assembly point (meter), D is the distance between an exit outside
the factory and each assembly point (meter), E is the width of the internal road to the
assembly point (meter), F is the number of evacuation routes connected to each assembly
point (meter), and G is the distance between the medical room and each assembly point
(meter). Obtained data for each alternative i and criterion j are presented in Table 4. Taking
the first alternative of assembly points located in front of the factory, for instance, the
distance between the simulated emergency building and this location is 350 m. In addition,
this location secures a capacity of 1500 m? with a 130 m distance from the flammable point.
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The distance between an exit from the factory area and this assembly point is also found
to be 60 m with a width of 8 m for the roadway. There are also two evacuation routes
connected to this location, and the distance to the medical room is found to be 250 m.

Table 4. Alternative and criteria analysis from IEW and TOPSIS.

N Alternative Data IEW Result PIS and NIS

Criteri esire

HEera e iterion 1 2 3 4 ej div]- wj (I’Alf) 1(\IAI/§
A Min 350 200 380 370 0.98 0.02 0.04 0.01 0.03
B Max 1500 1200 2500 1800 0.97 0.03 0.06 0.04 0.02
C Max 130 210 200 60 0.93 0.07 0.15 0.09 0.03
D Min 60 100 380 610 0.77 0.23 0.50 0.04 0.42
E Max 8 8 6 6 0.99 0.01 0.02 0.01 0.01
F Max 2 3 2 1 0.95 0.05 0.10 0.07 0.02
G Min 250 120 326 430 0.94 0.06 0.13 0.03 0.10

Analyzed results obtained from the IEW technique are shown in Table 4. In particular,
the first three most important criteria are found to be Criterion D (0.50), Criterion C (0.15),
and Criterion G (0.13). Next, TOPSIS analysis is conducted and the values for S;* and S,/
are obtained to compute the relative proximity (C;") for each alternative of the assembly
point (Table 5). Then, all alternatives can be ranked, such that the best location of an
assembly point is found to be at the canteen near the guardhouse (i.e., Location 2 with
G5 of 0.91), followed by the front of the factory (i.e., Location 1 with C} of 0.87), the bus
parking area (i.e., Location 3 with C3 of 0.44), and the back area near the warehouse (i.e.,
Location 4 with Cj of 0.02). Thus, the assembly point at the canteen near the guardhouse
will be used to verify and validate the developed evacuation simulation model.

Table 5. S;+ S;’ and C; ranking from IEW and TOPSIS.

/ *

Assembly Point 5;% S; C; Ranking
1 0.06 0.38 0.87 2
2 0.03 0.37 091 1
3 0.23 0.17 0.44 3
4 0.39 0.01 0.02 4

4. Simulation Model and Results

We next present our proposed simulation model using integrated FDS and agent-
based evacuation modeling for the home appliance factory. Initially, the FDS model is
developed using the interface of PyroSim program. Then, given the visibility and smoke
impact from the fire emergency and desired location of the assembly point, the proposed
evacuation simulation model is developed using the PathFinder program.

4.1. Fire Simulation Model
4.1.1. Fire Location and Design

The fire emergency is simulated for two fire locations to assess the severity of the
simulated fires. In this study, Polyurethane reaction is considered, which is a typical fuel
type found in the case-study building. Moreover, the mesh size is computed following
the user guide for FDS [50]. That is, the characteristic fire diameter (D*) is presented in
Equation (13), where Q is the heat release rate (kW), pw is the density (kg/m?), cp is the
specific heat of gas (k] /kg.K), T is the ambient temperature (K), and g is the acceleration
of gravity (m/s?). In particular, the smaller the characteristic fire diameter, the smaller
the cell size should be to adequately resolve the fire dynamics. Then, the mesh cell size is
estimated from the computed characteristic fire diameter, which is found to be 0.11 m for
fine cell size and 0.44 m for coarse cell size, respectively. According to Degler et al. [51],
setting fine cell size for all grids may take much longer run time. Thus, the multiple mesh
is set in this study with approximately 7 million grid cells. That is, approximately 90% of
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all cells are cells that far from the fire source, and thus are set to coarse cell size with the
size of 0.4 x 0.4 x 0.4 m. In contrast, the less of all cells near the fire source are set to fine
cell size with the size of 0.1 x 0.1 x 0.1 m.

2/5
D — (Q>
PeoCpTooy/g

In addition, the fire scene building of the case study consists of several zones in
which the first-floor area with an open ceiling and the three-story area (Figure 1b) are
used to simulate fire sources. These two areas are also connected with a common roof of
the entire building. The aim of the proposed fire simulation model is to analyze the fire
dispersion and movement of smoke over time and the effect of fire on the visibility and
movement of evacuees. The first location of the simulated fire source on the first-floor area
is located approximately in the middle of the production building of the case study, in
which machines are operated for plastic injection. In addition, nearby fire source operations
and materials are inclusive of the stamping operation, raw materials warehouse, and metal
folding parts. Since the first floor area is well ventilated and has an open ceiling, good
smoke distribution from the fire is expected. In contrast, the second location of the fire
source simulated on the third floor of the three-story production building is hypothesized
to ignite at the server room located at the corner of the building. Thus, given the limited
area of the room and a low ceiling, smoke is likely to be denser and affect the evacuation
time for occupants, especially those residing on the third floor.

(13)

4.1.2. Fire Simulation Result

The spread of smoke from fire based on the simulated fire simulation model for both
the first and third floor locations of the building is comparatively shown in Figure 3. Clearly,
the smoke spread at different periods will adversely impact the visibility and movement of
evacuees. The fire smoke occurred at the first position (i.e., the first floor area in the middle
of the production building) and spread over time (Figure 3a—d), limited only at the site of
the incident during the first 10 s (Figure 3a). After 200 s (3.3 min), smoke spread further
and filled the plastic injection department (Figure 3b). Figure 3c shows that the smoke
begins to spread from the plastic injection department to the raw material warehouse area
after approximately 400 s (6.6 min). Finally, after around 600 s (10 min), smoke spread to
both the raw material warehouse and the metal folding area (Figure 3d).

Considering that the smoke spread over time from the second position of the third
floor layout ignited at the server room (Figure 3e-h), the smoke spread is limited only
in the server room after 10 s (Figure 3e). Then, the smoke started to spread to adjacent
rooms, corridor, and the staircase after 200 s (3.3 min) (Figure 3f). After approximately
400 s (6.6 min), the smoke spread further in other meeting rooms (Figure 3g). Finally, after
600 s (10 min), the smoke covered most of the office and meeting rooms. In addition, the
spread of smoke also covered over 95% of the floor of the incident and found in other floors
(Figure 3h).

Given the fire characteristics and smoke pattern of both fire locations, the smoke
spread from the first fire source is mainly limited at the ground level. Although the
distribution of smoke is also found in other rooms, the smoke observed is light due to the
height of the room. Thus, a wide area of space will benefit evacuees to evacuate properly
from the fire. On the other hand, the smoke spread observed from the second fire source
was found to be heavily distributed in the hallway, the staircases, and other rooms. As a
result, the fire ignited at the server room of the third floor will likely more affect evacuees
compared with the first case due to the condition of the area and a low ceiling.
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Fire Case 1 Fire case 2

-

(H) Time 200 s

(d) Time 600 s (h) Time 600 s

Figure 3. Smoke spread from fire (a—d) case 1 and (e-h) case 2.

In addition, the risk curve is constructed based on the visibility data, given smoke
generated from fire as shown in Figure 4. In particular, different detectors are equipped in
the developed model for varied areas close to the fire source to detect the visibility level
over time, which is affected by a smoke distribution. As seen in the figure, the visibility
range for fire case 1 (first-floor) starts to drop below 30 m at about 170 s, continue to drop
below 5 m at about 280 s, and reach below 3 m at about 440 s. In contrast, the visibility
range for fire case 2 (third-floor) immediately drops below 3 m within 80 s. Thus, an
increased risk is observed for the fire case 2. We note that the visibility data are later used
to assess each evacuee’s speed factor in the evacuation simulation model, in which the
agent movement and chosen evacuation routes will be determined based on the fire effect.
In this study, the evacuee speed is computed from Equation (14) following an analysis
from Fridolf et al. [52], where vis denotes the visibility data obtained from the visibility
measurement device.

Speed (m/s) = min(max(0.2;1 — 0.34 x (3 — vis))) (14)
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Figure 4. Risk curve for visibility data over time.

4.2. Evacuation Simulation Model

The fire smoke and visibility data from the FDS model as well as the analyzed assembly
point from the MCDA analysis are further used coupled with the evacuation simulation
model. In particular, the evacuees from the building will find escape routes from the
building leading to the safe assembly point outside the building. The model is further
verified by exploring model behavior from running the simulation model [53-58] (Figure 5).
In particular, Figure 5a,b show the evacuation inside and outside the simulated building. In

addition, Figure 5c—e illustrate the agent-building interactions with using door, stair, and

wheelchair, respectively. Next, the outcomes from the evacuation model are collected to
validate the model for the total evacuation time and the remaining evacuee for each period.

» N

[l

1

Figure 5. Agent evacuation (a) inside the building (b) outside the building (c) with door (d) with
stair (e) with wheelchair.
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4.2.1. Assumptions for the Evacuation Model

In this study, assumptions concerning the developed simulation model for the evacua-
tion problem are as follows.

e  This study employs the two-phase evacuation process with the indoor evacuation
and outside the building. The first phase is concerned with the indoor evacuation to
exemplify the post-emergency planning, while the second phase is to illustrate the
connection to the planned assembly point during the pre-emergency planning.

e  During the indoor evacuation, an evacuee will attempt to find the nearest fire door
first to quickly exiting the building after experiencing the fire. However, the choice of
exit door will be affected by the fire smoke incurred in the building. That is, the speed
factor of an evacuee will be affected by the fire smoke, in which he or she may switch
to another exit door that is farther away if a near exit is heavily influenced by smoke.

e  During the outdoor evacuation, an evacuee will take the shortest path to reach the
outdoor assembly point after exiting the case-study building. An evacuee, who leaves
via the exit door of the building, will not walk into the building again even though
cutting through the building is a closer route to the assembly point.

e  The analyzed assembly point during the pre-emergency planning will be set as a final
exit of an evacuee after evacuating the building. Although the risk from fire is not
considered for evacuation outside the building, the choice of building’s exit door of
an evacuee due to fire smoke will eventually affect the time to travel to the planned
assembly point. Thus, the total evacuation time of an evacuee from the initial position
inside the building to the outdoor assembly point will be analyzed.

4.2.2. Total Evacuation Time

We next discuss the total evacuation time, which is computed from the time that
the last evacuee can reach the outdoor assembly point through the two-phase evacuation
process—inside and outside the building. In particular, an evacuee will evacuate from the
building given the post-emergency from fire. Then, he or she will continue to travel to
the planned assembly point analyzed during the pre-emergency planning. That is, initial
conditions are set following the base scenario to evaluate the impact of total evacuation time
to varied locations of assembly points (Table 6). The average data from total evacuation
time show that evacuees will reach the assembly point 2 (i.e., 471.4 s) first, followed by
the assembly point 3 (i.e., 543.1 s), the assembly point 4 (550.1 s), and the assembly point 1
(609.6 s), respectively. Compared to the results obtained from the integrated IEW and
TOPSIS, the first ranked assembly point is found to be the same at the assembly point 2.
Thus, this assembly point is further used for the analysis. It is worth noting that the ranked
lists differ due to various factors being considered in the analysis of both the MCDA and
simulation approaches.

Table 6. Total evacuation time from 10 runs for Scenario 0 to assembly points.

Locations of Assembly Points

Scenario 0 (Base)

Run Number Assembly Assembly Assembly Assembly
Point 1 Point 2 Point 3 Point 4
1 598.5 480.7 550.6 546.3
2 601.4 478.5 554.2 538.6
3 602.9 482.6 525.5 544.2
4 628.8 475.5 562.6 558.5
5 608.5 465.5 535.3 556.0
6 606.6 438.7 543.4 578.2
7 610.8 465.4 552.2 542.4
8 613.8 469.2 534.4 542.1
9 610.2 480.4 539.6 545.9
10 615.1 477.5 533.7 552.4

Average 609.6 4714 543.1 550.4
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Additionally, the average data for total evacuation time are analyzed for all six sce-
narios in the designed experiment as presented in Table 7. Simulation results show that
the mean total evacuation time for scenario 0 is 471.4 s with a standard deviation of 13.2 s.
Next, the average total evacuation time of the last evacuee for scenarios 1, 2, and 5 is found
to be longer than the base scenario (i.e., 544.9, 513.8, and 497.6 vs. 471.4), whereas the time
for scenarios 3 and 4 are found to be shorter than the base scenario (i.e., 447.6 and 384.6 vs.
471.4). The analyzed result in scenario 6 shows that the total evacuation time based on the
last occupant is longer than the base scenario with an expected value (standard deviation)
of 489.8 (18.9) seconds. Although evacuees at other floors can evacuate more quickly from
the building, fire from the third floor will cause a delay to evacuees as shown by the longer
mean total evacuation time. Thus, the longer total evacuation time from the fire source on
the third floor poses more harm and should be handled properly, which will be further
evaluated next.

Table 7. Analyzed total evacuation time to assembly point 2 for all scenarios.

Total Evacuation Time (Seconds)

Scenario
Average Standard Deviation Min Max
Scenario 0 (Base) 4714 13.1 438.7 482.6
Scenario 1 5449 124 532.4 568.5
Scenario 2 513.8 10.3 497.6 528.0
Scenario 3 447.6 9.5 436.0 468.1
Scenario 4 384.6 19.2 362.6 422.1
Scenario 5 497.6 9.2 483.0 512.0
Scenario 6 489.8 18.9 452.7 517.5

4.2.3. Remaining Evacuees

We next analyze the remaining evacuees as illustrated in Figure 6. In particular,
Figure 6 shows the risk curve resulting from varied evacuee density and fire positions over
time following the designed experiment. Analyzed results show that at approximately 50%
of the remaining evacuees, the number of remaining evacuees is higher for the first-floor
fire. In contrast, all the evacuees can safely leave the building faster in the case of the first-
floor fire. This observation suggests that when the fire occurs at the third floor, evacuees
residing at the first and second floors of the building can evacuate quickly. However, the
last group of evacuees residing at the first floor will take longer time.

Risk curve for remaining evacuees over time
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—
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n " o,
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Figure 6. Risk curve for remaining evacuees over time.
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In addition, the average remaining evacuees are also analyzed by comparing each
experimental scenario with the base scenario (Figure 7). Figure 7a shows a comparison of
the remaining evacuees between scenario 1 (i.e., 80% perception) and the base scenario (i.e.,
100% perception). Fifty percent of the evacuees from scenario 0 can evacuate at around
250 s, which is faster than from scenario 1. In addition, all the evacuees can safely leave the
building after 460 s, implying that evacuees with a better fire perception level will be able
to evacuate from the area faster. Next, when comparing the base scenario with scenario 2
(i.e., 1% with disability), the remaining evacuees with persons with disability are left with
50% of all evacuees at 290 s, which is much longer than the base scenario (Figure 7b). The
impact of the escape door width is also illustrated in scenario 3 (i.e., 110 cm) in which 50%
of all evacuees can evacuate faster after 230 s (Figure 7c).
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Figure 7. Remaining evacuees for experimental design. (a) scenario 0 vs. scenario 1; (b) scenario 0 vs. scenario 2; (c) scenario
0 vs. scenario 3; (d) scenario 0 vs. scenario 4; (e) scenario 0 vs. scenario 5; (f) scenario 0 vs. scenario 6.

Next, both scenarios 4 (Figure 7d) and 5 (Figure 7e) illustrating the case of 700 evacuees
and 1300 evacuees confirm that a lower density of evacuees requires a shorter time to
evacuate 50% (i.e., 190 s), whereas a higher density of evacuees will take a longer time
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(230 s). Finally, scenario 6 (Figure 6f) shows a fluctuating pattern when the impact from the
fire location is evaluated. Although 50% of all evacuees in scenario 6 can safely evacuate at
230 s, the last evacuee from scenario 6 takes a longer time (480 s) than the base scenario.

4.3. Statistical Analysis

Initial ANOVA analysis of the designed experiment with a statistically significant
difference of 0.05 shows that all factors related to the number of evacuees with low fire
perception levels, the escape door width, and the varied occupant density are significantly
different from the time required in the base scenario. The total evacuation time when the
fire source is at the first floor (i.e., fire case 1) is also significantly less than if it is at the third
floor (i.e., fire case 2).

We further analyze the full factorial design with interactions for the total evacuation
time based on the worst-case scenario of high-density evacuees and fire source at the third
floor as shown in Table 8. That is, when the fire perception (i.e., factor A), the physical
disability (i.e., factor B), and the door width (i.e., factor C) are simultaneously investigated;
the results show that these factors are statistically significant. In addition, the interactions
among the pair of fire perception and physical disability, the pair of fire perception and
door width, and the pair of physical disability and door width are found to be statistically
significant (Figure 8). That is, Figure 8a,b illustrate the Pareto chart and the normal plot
for the effects, respectively. In addition, Figure 8c presents the cube plot showing the
interactions of factors that affect the total evacuation time. Finally, the regression model is
analyzed as shown in Equation (14) with the R-square of 83.61% to aid prediction of the
total evacuation time under worse-case scenario of the fire emergency.

Total Evacuation Time (s)
=57722-1847 A+2440B+754C—-1499 AxB+11.79 A% C (15)
—13.03B*C+253 AxBxC

Table 8. Analysis of variance for factorial design of total evacuation time.

Source DF Adj SS MS E-Value p-Value
Model 7 122,670 52.46 0.000
Linear 3 79,479 26,492.9 0.000
A 1 27,299 27,298.7 0.000
B 1 47,629 47,628.8 0.000
C 1 4551 4551.1 0.000
Iné;z\c’i‘i) " 3 42,680 14,2265 0.000
A*B 1 17,982 17,982.0 0.000
A*C 1 11,120 11,1203 0.000
B*C 1 13,577 13,577.3 0.000
Intz;rﬁ‘i’) s 1 512 512.1 0.220
A*B*C 1 512 512.1 0.220

Remark: * p < 0.05; A (Fire perception); B (Physical disability); C (Door width).
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Figure 8. Analysis of factorial design with (a) Pareto chart (b) normal plot (c) cube plot.

5. Conclusions and Future Research

Existing models in the fire emergency management are scarce and often lack an
integrated perspective. In this research, the integrated IEW and TOPSIS technique was
initially proposed to analyze the best location of an assembly point under multiple criteria.
An analysis of the fire assembly point shows that the most preferred assembly point in
this case study is the canteen area near the guardhouse. A selected assembly point was
later used to verify and validate the simulation model to evacuate occupants from the
building to the safety of the outside. In addition, the FDS model was also developed to
model fire emergency, and the results are integrated into the agent-based model to analyze
evacuation planning. Important factors for evacuation planning based on fire perception,
physical disability, fire location, the width of the escape door, and occupancy density were
also analyzed.

An analysis of our designed experiment was performed for different scenarios, and key
outputs were obtained for the total evacuation time of the last evacuee and the remaining
evacuee for each period. Under different fire sources, the fire ignited at the room on the
third floor near the main corridor appears to affect evacuees, especially those who reside
on the third floor. The smoke in the area will affect the visibility of occupants, which will
essentially impact not only the speed of evacuees but also a redirection of evacuees toward
a more smoke-free route. Simulation results are also concerned with a certain degree of
uncertainty. Thus, statistical analysis is needed to confirm the confidence in interpreting
results obtained from the simulation model. In this study, Analysis of Variance (ANOVA)
is used for such purpose. In particular, statistical analysis using factorial design confirms
that enhancing the escape door width will result in a faster evacuation time. Ensuring
the fire perception of all evacuees also helps speed the time for evacuation. Furthermore,
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planning for evacuating persons with disability also require more time, which should be
properly managed.

This study provides a practical case study for fire-emergency management. However,
a number of future research directions are further suggested. Experimental plans can
be enhanced to incorporate diverse mitigation policies. For example, it is interesting to
explore how evacuation scenarios can be designed and adjusted to assess other possible
fire locations in the building. In addition, other modeling aspects, such as the external
wind condition may also be included and analyzed in the future. It is also interesting to
evaluate pre-emergency mitigation strategies (e.g., smoke detector system, fire sprinkler
system, and support of the fire department) and further integrate with the post-emergency
planning. Additionally, possible risk factors concerning the outdoor evacuation may also
be incorporated to evaluate evacuation behavior and safety outside the building. Finally, a
combination of decision-making tools to assist in evaluating evacuation policies as well as
various commercial software that support both fire and evacuation analysis may also be a
subject of future studies.
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