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Exits are essential to the efficiency of building evacuation due to its irreplaceable function, and the layout of multiple exits has
always been the key concern for architectural design. To accurately evaluate the evacuation efficiency of different multiexit layouts
and optimize the design rules, a dynamic exit decision model integrating an exit selection strategy and the social force model is
developed to simulate the practical evacuation. And our proposed model outperforms the original social force model in terms of
evacuation efficiency. Accordingly, different layouts are analyzed for evacuation in a single room with two exits. 1e analysis
results reveal that evacuation time will be improved with the changes of exit locations and two parallel exits are validated as the
most efficient layout among the three common categories. Affected by walking time and queuing time of evacuees, it is not
conducive to evacuation whether the separation of two exits is too large or too small. Furthermore, an even symmetry is found
more efficient than an asymmetric distribution of exits under some conditions.1is work provides a basis for architectural designs
of multiple exits and a foundation for further study of evacuation simulation.

1. Introduction

Evacuation describes a certain collective behavior where
pedestrians are brought together in groups and move like a
whole to a safe area once a danger is recognized [1, 2]. Pe-
destrian evacuation has become a widely studied topic in the
last few decades, and there are numerous interesting phe-
nomena of pedestrian flow, such as oscillations [3], arching
[4], the “faster-is-slower” effect [4], herding behavior [5], and
“freezing-by-heating” effect [6]. In emergencies, pedestrians
were observed being jammed at exits [7] and massive con-
gestion resulted in disasters and casualties [4, 8, 9]. Uncon-
trolled collective behaviors and inefficient architectural
designs have been identified as two key factors that contribute
to tragedies [10]. 1erefore, it is necessary to understand the
behaviors of people in evacuation processes and improve
evacuation efficiency by optimizing architectural designs [11].
Due to the actual growing complexity of the architectural
designs, it is difficult for building codes to synchronize with
building requirements. People have been adopting perfor-
mance-based solutions to address complex design issues

[12, 13], and crowd evacuation simulation is viewed as an
effective method to help engineers identify design short-
comings and improve building performance. Crowd mod-
eling has emerged from a need for pedestrian simulation that
adapts to technological development and challenges of lab-
oratory experiments, and many simulations have been con-
ducted to reproduce crowd behaviors at egress [14].

1rough an extensive search of related research, three
main evacuation optimization methods are recognized as
follows [15]: (a) architectural design and infrastructure
adjustment; (b) optimization of path planning; (c) behav-
ioral modification and active guidance. Specifically, the
architectural design of exits, considering exits are the main
means of evacuation [2], is one of the problems attracting
considerable attention before design efficient evacuation
plans. Although some researchers have pointed out that exit
layout has a significant impact on crowd behavior [16, 17],
few of them examined this influence and its impact on the
evacuation process [2].

1e exit decisions, which reflect the multiattribute trade-
offs of evacuees between social interaction and physical
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factors [18], are bounded by available contextual informa-
tion at exits, such as distance and visibility of exits, relative
queue size at exits, social influence of neighbors, inertia (for
maintaining initial choices), and crowd size [19, 20].
Evacuees in emergency evacuations have the motivation and
ability to adjust their decisions in response to the changes in
their surroundings to ensure that they make the best choice.
1e most basic principle is the “least effort” [21]. During the
process of evacuation, as several exits appear within the
perception of the fleeing pedestrians, they will pay attention
to each exit and lead their ways to the exit which takes the
least estimated evacuation time at any time. As the main
attention of most pedestrian models is currently paid to
crowdmovement, the questions of exit decision and decision
adaption have practical implications from the crowd
modeling perspectives. 1ere is still a need of incorporating
individual decision and environmental disturbance in the
behavioral level of evacuees that help involve more real
aspects of evacuation management and exit designs, such as
the layout of multiple exits.

1is paper deals with the layout optimization problem of
multiple exits in general evacuations by establishing a dy-
namic exit decision model that integrates an exit selection
strategy and the social force model to simulate the behavior
of evacuees. 1e abstract model which is less constrained by
application scenarios will meet a variety of analysis needs.
1e strategy for exit selection is introduced by comparing
the combination of estimated individual walking time and
estimated queuing time. 1e approach provides simulated
individuals with the ability to assess their environment (by
predicting crowds at exits) and choose the most suitable
destination. 1e model shows a more realistic evacuation
compared with the original social force model. By per-
forming simulations, the model can be used to study the
relationship between exit layout and evacuation efficiency
quantitatively and the simulation results can provide new
insight into architectural designs.

In this paper, the earlier work related to exit optimi-
zation, crowd modeling, and exit choice is studied and
discussed in Section 2. Section 3 presents a dynamic exit
decision model that incorporating an exit selection strategy
into the original social force model to simulate evacuees in
evacuations. Section 4 compares the results of two experi-
ments involved the two models in evacuation and confirms
the accuracy of the dynamic exit decision model. 1e layout
optimization of two exits is quantitatively analyzed in
Section 5. Finally, Section 6 concludes and discusses di-
rections for future research.

2. Related Works

2.1. Design of Building Exits. Building evacuation is a
complex and comprehensive system including human be-
haviors and environmental facilities. In addition to stan-
dardizing and guiding crowd behaviors [22], performance-
based architectural design is a key approach to promote
efficiency and safety of evacuation [23]. During the evacu-
ation process, exits are the main way and important design
factor to ensure the safety of persons in buildings [24], and

the building exits should be designed optimally to maximize
evacuation efficiency. Besides the evacuation time [2], the
average distance of evacuation [25], exit utilization rate [26],
and the relative distance between exits (RDBE) [12] have
proven to be a metric for measuring evacuation efficiency.

Although extracting trajectories of pedestrians from
videos of control experiments [27] is a source of evacuation
data, it is tedious and accidental. 1erefore, researchers
prefer to build crowd models based on the behavior logic of
evacuees and repeat simulations by using the Monte Carlo
technique to capture uncertainty [28]. Shin et al. [29] de-
veloped four types of mathematical models from the dis-
crete-time dynamic network flow model to plan optimal
routes for evacuees and responders. Bina andMoghadas [28]
presented a framework to analyze the impact of different
architectural designs on evacuation via building information
modeling (BIM) in a dynamic computational model
(AnyLogic code). Braga et al. [25] proposed a pathfinder type
algorithm to study the relationship between location,
quantity, and size of the exits and the value of the average
distances.

1e architectural performance designs of exits mainly
focus on three aspects: shape, structure, and layout. 1e
changing shape of exits means that parts of the structure
move without affecting the structural integrity [1]. Johnson
et al. [1] simulated the evacuation of agents using discrete
dynamic simulation, and various adaptive geometric con-
figurations of exit were analyzed for evaluating design op-
timization. Liao et al. [30] used a modified cellular
automaton model to investigate the evacuation efficiencies
of parallel, convex, and concave exit. It was found that in
high-density situations, the concave exit gives the maximum
flow rate while the convex one gives the minimum. And the
concave exit leads the least competition. Mu et al. [31]
described a wedge-shaped design for building bottleneck
spaces and proved that evacuation time is reduced with this
design compared to a rectangular design through the social
force model. 1e structure of exits includes width, height,
thickness, the material, and opening angles of doors. Li and
Xu [32] analyzed the effect of exit width and door opening in
buildings on the basis of a cellular automata model under
different exit schemes. And individual optimal effect of the
evacuated crowd was calculated as well. Arteaga and Park
[23] performed a systematic evaluation of three important
building design parameters (exit width, door width, and hall
width) based on the social force model. Most existing works
on exit layout are confined to fixed locations or satisfactory
solutions from limited schemes. And limited by the appli-
cation scenario [26], the conclusions may be too specific.
1erefore, researchers are seeking universal solutions ac-
tively. According to design specifications and building
structures, Gao et al. [13] proposed a constraint-basedmodel
to generate the optimal door positions which minimize
evacuation distance. 1e branch and bound algorithm is
used to obtain optimal combinations of positions in this
model. And Khamis et al. [24] found the most optimal exit
door locations by artificial bee colony (ABC) optimization
algorithm and social force model became the basis for the
optimizer to represent the crowd dynamics. Although the

2 Advances in Civil Engineering



studies above optimize exit layout through traversal search,
the main limitation is crowd modeling. 1e models lack
considerations of evacuees’ decision-making behaviors and
other factors, which is potentially a crucial topic worthy of
investigation.

2.2. Crowd Modeling. Due to the challenges of obtaining
behavioral data from natural evacuation and crowd inci-
dents, laboratory experiments were proposed as a solution
for data collection. In addition to nonhuman organisms’
experiments, some human evacuation experiments [27, 33]
have performed for the study of collective behaviors.
However, some conclusions may not be convincing due to
realistic and psychological constraints [34]. And physio-
logical and psychological factors that affect individual and
collective behaviors are difficult to control while the chaos of
experiments under panic often results in recording failure.
As knowledge expands and computer technologies advance,
evacuation simulation is becoming increasingly attractive.
1us, crowd modeling, as a vital part of evacuation simu-
lation, offers operational capability in developing simula-
tions that depend on input parameters under different types
of scenarios. In general, the existing models in the literature
can be divided into two classes: macroscopic models and
microscopic models. Macroscopic models are top-down
approaches in which the system is viewed as a holistic flow
[18]. Although the models have more complete mathe-
matical theories and computational efficiency, the algo-
rithms are often complex. Some simplifying assumptions are
made to keep theorems tractable, whichmight be unrealistic.
Furthermore, they suffer from loss of accuracy as they are
unable to describe individual behaviors and interactions
[18].

Microscopic models, which mainly focus on individual
behavioral characteristics, are relatively simple and
straightforward, resulting in a better computational capacity.
Many realistic factors can be easily incorporated into sim-
ulations, such as the individual preference [19] and impact of
the surrounding environment [35]. Microscopic models are
defined as bottom-up approaches where evacuees are con-
sidered as intelligent agents that have unique characteristics
such as age, gender, body size, and speed [33, 36–38]. 1e
time-space behaviors of pedestrians are described in rules or
expressions involving spatial transition probabilities. In the
light of the literature, there are twomicroscopic models most
commonly used in pedestrian simulation as follows: cellular
automata (CA) model and social force model.

1e CA model is a typical representative of the discrete
models in which pedestrians located in a lot of uniform
distributed grids will take actions in accordance with certain
predetermined rules by referring to the environment.
Wolfram [39] defined it as a mathematical idealization of
physical systems in which space and time are discrete. Al-
though the model performs well in fast implementation and
computation, there are certain limitations. First, there is a
lack of attention to interactions and contacts among indi-
viduals in the model. Second, the speed and direction
changing of individual movements are limited [37]. 1ird, it

offers inaccurate results when individuals in a high-density
crowd are forced into a fixed discrete cell, but large size of
cells may cause a loss in computational efficiency. 1e social
force model [13] presents pedestrian behaviors micro-
scopically through social fields triggered by individual social
behaviors, which enables researchers to explore new rela-
tions and mathematical rules of evacuee behaviors such as
decision adaption. 1e majority of studies have investigated
from an architectural optimization perspective [33, 36] to
improve evacuation process and pedestrian decision-making
with the social force model. And many efforts have been
made to improve the original social force model. Besides
improving the inclusivity of the model by considering dif-
ferent factors [37, 38], researchers expanded and improved
the original model with laboratory experiments [33] or other
algorithms [40, 41]. Since it is difficult to simulate real
evacuation completely, there is still a lot to do with the
model.

2.3. Exit Decisions of Pedestrians. Exit choice is one of the
critical individual behaviors during multiexit evacuations,
which leads to redistribution of the population [42] and
affects the process and evacuation time [2] of emergency. In
order to learn the behavior and optimize the evacuation
process, researchers have devoted much effort to create and
modify models for pedestrian exit choice research. Kinateder
et al. [19] analyzed the effects of exit familiarity and choices
of other pedestrians in an ambulatory virtual environment.
1e neighbor behaviors (social influence) have been proved
to have a cumulative effect on individual choice, which
provides evidence for the herding effect. Haghani and Sarvi
[43] proposed a parsimonious discrete-choice model of
decision changing considering the most influential factors
that include the effects of “relative queue-size imbalance at
exits,” “visibility of exits,” “social influence,” and “inertia (for
maintaining initial decisions).” Based on estimated evacu-
ation time and shortest distance, Li et al. [20] proposed an
estimated evacuation time model to simulate individual
behaviors in multiexit case, and the choice of exits depended
on pedestrian preference. Lo et al. [44] proposed an exit
selection model based on game theory, in which individual
choice depends on how groups of evacuees interacted. Cao
et al. [35] investigated exit selection and pedestrian move-
ment under fire emergency by using amultigrid model based
on random utility theory.

In previous studies, the individual decision-making rules
of evacuation models are formulated by considering various
basic parameters including exit configurations [33], exit
capacity [45], obstacles [46], human psychology [18], exit
familiarity [19], distribution of the crowd, and environment
[35]. Following the shortest time or shortest distance
principle, most individual exit decisions are formed based on
the assessment of the scenario from a subjective perspective.
Besides, some rules are developed from specific application
models. Wu and Fan [47] introduced a mixture of com-
petitive and concessional strategies into the CA model to
determine the individual probability to access a void cellular
grid. In the traditional shortest distance strategy [2, 41], the
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main factor that affects the exit decision is the distance. And
the evacuated individuals always choose the exit with the
shortest distance. However, in the shortest time strategy
[48], individual decisions are mainly influenced by con-
gestions at exits. 1ey prefer the exit which takes them the
shortest time to escape. An optimized strategy combining
the two strategies will perform better in simulating the
behavioral logic of evacuating people. Besides, a crucial
aspect of multiexit evacuation processes is that the decision-
making behavior of humans in emergency escape scenarios
is dynamic [18, 20]. Evacuees crowded in confined spaces
often tend to revisit and update their decisions dynamically
in response to the changes in their surroundings to ensure
that they take the best strategy with available information
they collected. Zainuddin and Shuaib [49, 50] have devel-
oped a rule-based exit choice model called the ZM model.
1en, they endowed the evacuees with the ability to leave
their exits due to dynamic changes by modifying the ZM
model of their excitement and the simulation accomplished
optimal evacuation [40]. And the inclusion of decision
adaption module was proved to make a substantial differ-
ence in enhancing the accuracy of simulations. 1erefore, in
addition to the design of scenarios and decision-making
rules, the decision adaption of evacuees plays an important
role in establishing a more realistic exit decision model.

3. Dynamic Exit Decision Model

3.1. Pedestrian Movement Module. In this work, we refer to
the social force model presented by Helbing [3, 4] to sim-
ulate pedestrian behaviors. 1e model states that the pe-
destrians are self-driven particles controlled by two sources
of social force: the desired force toward a target (Fi), and the
repulsive force from a neighbor pedestrian (Fab) or an
obstacle (Faw). For pedestrian a, the resultant force Fa can
be expressed as follows:

Fa � ma

dva

dt

� Fi + 
a≠ b

Fab +  Faw,

(1)

where b, w, and ma correspond to the neighbor pedestrians,
obstacles, and the body mass of a, respectively. 1ese social
forces have been formulated in equations (2)–(4) consistent
with the conceptions proposed in [3, 4]:

Fi �
ma

τ
× v
∗
ae
∗
a − va( , (2)

Fab � nab × Aa exp
rab − dab

Ba

  + nabk1 + nab
′k2△vabtab( 

× rab − dab( g,

(3)

Faw � naw × Aa exp
raw − daw

Ba

  + nawk1 − naw
′ k2vataw( 

× ra − daw( g.

(4)

In these equations, the quantity v∗a and the vector e∗a ,
respectively, represent the desired velocity and direction of
pedestrian a, while va denotes the actual velocity which is
generally less than v∗a . Each pedestrian may either select an
individual direction or follow the average direction of his
neighbors. 1e term τ means a certain characteristic time in
which a person can change his actual velocity. 1e constant
quantities Aa (a parameter that measures the psychosocial
forces on individuals who are new to contact but not de-
formed), Ba (the range of forces between pedestrians), and
k1 and k2 (friction force parameters) are all calibration
parameters.1e (r − d) is a specific function that returns the
vector of deformation for pedestrians. 1e quantity dab

indicates the distance between the pedestrians’ centers of
mass, and the body radius of pedestrian a is defined by ra.
1e vectors nab and nab

′ signify normal and tangent
directions.

Figure 1 shows pedestrian a moving toward his desti-
nation, which can often be simulated with path planning
algorithms such as Dijkstra [51] and A∗ [37]. Pedestrian a

will shift to another position at the speed v∗a unless there are
other people or obstacles interfere with his movement,
which will lead to a lower speed va even if he tends to move
faster.

3.2. Exit Choice Module. 1e original social force model is
not preferred in resolving multiexit evacuation unless there
is a standard rule for self-driven particles to choose an exit
from a set of exits. To overcome this deficiency, we integrate
an exit selection strategy into the social force model by
providing individuals with assessments of evacuation pro-
cess and decisions to choose a favorite exit. In the exit choice
model, the agents observe the others in front of them and
react by choosing the best destination for the shortest es-
timated evacuation time. 1ey are able to reckon in walking
time and queuing time with the length of evacuation route
and the clogging individuals at exits, and then the agents can
make decisions based on their predictions. Conditions of
exits are considered as well.

At each time step Δt, which is assumed for the interval
time of the assessment in an evacuation process, the pe-
destrian a may predict the future situation of his chosen exit
and make a new decision to replace his current destination.
1is is achieved when the new choice acquired a shorter
estimated evacuation time than the current choice. If the
exits are numbered in a certain order, the decision function
Ha traverses all the indexes of the collection and returns the

4 Advances in Civil Engineering



exit sequence number corresponding to the minimum es-
timated evacuation time. 1e minimum index will be ac-
cepted if there are several values that come to the same
estimated time. Decision function Ha of pedestrian a is
established, shown as follows:

Ha � min index min
n

T
a
R + ρa × T

a
Q   , (5)

where n represents the exit n. Ta
R is the minimum time of

pedestrian a walking freely from current position to the exit
with the shortest route, and Ta

Q is the estimated queuing time
of pedestrian a since exits are congestion bottlenecks of
evacuation. 1ey are defined by equations (6) and (7), re-
spectively.1e variable ρ indicates the cognitive capability of
the crowd. Accordingly, if individual a is well-judged (ρ � 1
in particular), then the cognition of the time would be more
accurate. If the rational factor is low, such as ρ � 0, the
individual would consider the Ta

R as a major determinant of
the best exit, which means the shortest distance strategy:

T
a
R �

Laj(t)

v
∗
a

, j ∈ 1, 2, . . . , n{ }, (6)

T
a
Q �

Qaj(t)

ECj

, j ∈ 1, 2, . . . , n{ }. (7)

1e quantity v∗a is the desired velocity in 3.1. Shortest
distance Laj(t) can be obtained based on the position of pe-
destrian a and exit j [52]. Linear distance is used in this work:

Laj(t) �

����������������������������

xa(t) − xj(t) 
2

+ ya(t) − yj(t) 
2



. (8)

1e parameter ECj denotes the maximum evacuation
capacity of the exit j. 1e value is equal to the maximum
cross-sectional flow (the biggest number of individuals
passing in a second). It is affected by some factors, such as
width, height, thickness, and shape of the exit [1, 45]. 1e
power-law relationship of evacuation time and exit width
has been proved while exponential fitting of evacuation time
and exit thickness performs well [53]. 1e formula of EC is

shown in equation (9), and ωjW, ωjC, kW, and kc are weight
coefficients while Wj and Cj signify the width and thickness
of exit j, respectively. We determine ECj by rounding up the
fitted evacuation efficiency to avoid the interference of
pedestrian response time as far as possible:

ECj � roundup

ωjW · exp −kW · Wj  + ωjC · exp kC · Cj  
−1

 .

(9)

1e variable Qaj reflects the number of queuing pe-
destrians crowded near the exit j. 1e size of the jam count-
area φ(t) varies according to the range of the count-area
(Figure 2). In a room without obstacles, individuals in the
semicircle (with e1 as the center and lae as the radius) are
closer to the exit e1 than pedestrian a. However, people tend
to view individuals in the inscribed triangle as competitors
because the light is proved to travel in a straight line and
human eyes are more likely to realize the delta-shaped re-
gion. Hence, φ(t) can be computed by

φ(t) �

l
2
ae · |sin θ|, θ≠ 0 and θ≠ π,

1
2

· l
2
ae, θ � 0 or θ � π.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(10)

4. Simulations

4.1. Experimental Setup. A single room is the smallest unit of
personnel distribution in a building, and its egress is the
main way for evacuation [54]. Referring to the research of
Song et al. [37] (https://github.com/my-HenryS/multi-
agent-simulation), a Java-based evacuation system is de-
veloped to examine the validity of the dynamic exit decision
model and study the effect of exit layout on the efficiency of
evacuation quantitatively.

1e simulation was performed for a group of evacuees in
a room without obstacles, and the dimension of the room is
12m in width and 12m in length. 1e width of the exits is
0.8m. Everyone had a sweeping view of the room.1e effect
of the number of exits on evacuation time was investigated
while other factors were neglected. Two settings were
simulated. Scenario 1: a two-exit room (n � 2). Scenario 2: a
three-exit room (n � 3). 1e locations of the N simulated
individuals were initialized randomly in the room. 1e
values of parameters used in the simulation are estimated as
in Table 1.

According to the fitting formula of the results in Song’s
et al. experiment [53], the values of ωjW and kW in equation
(9) are 2.805 and 0.643, respectively. 1erefore,
ECj � 2Ped(m · s)− 1, which means that at most two people
can pass through an exit every second.

Two experiments were designed with two settings, in
which the exits were located on the same wall evenly and
symmetrically. Experiment 1 was carried out in Scenario 1
while Experiment 2 was simulated in Scenario 2. Each ex-
periment consisted of two parts: an experimental group for

a
b

Fa

va

Fab

Faw

Destination

e∗a

Figure 1: Social force model.
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the dynamic exit decision model (EDM) and a control group
for the original social force model (SFM). Table 2 shows all
the experimental conditions. We conducted fifty repeated
trials for each experimental condition.

In order to focus on the efficiency of two models,
evacuees in SFM have the desired destinations pointing to
the nearest exit, that is, the shortest distance strategy.
Evacuees know the exit location all the time and try to escape
on their own, and neither herding behaviors nor leaderships
are allowed during the process.

4.2. 1e Process of Evacuation. 1e procedure of evacuation
can be split into three stages as shown in the snapshot
(Figure 3) from the experimental process of EDM. 1e first
stage: the requested number of pedestrian particles with
different radii is generated at random positions in the
simulation scenario and they start their movement towards

the exit they chose at the same time.1e second stage: part of
the simulated pedestrians choosing different exits have
conflicts and some of them change their exit choices. As time
goes by, people increase at each exit and the wandering
phenomenon of pedestrians [43] appears. 1e last stage: the
weave and conflict of particles gradually disappear, namely,
results of exit choice are no longer changed. All evacuees
separated completely and walk away through the corre-
sponding exit, where two smooth flows occurred. 1ere is a
decrease in the crowd density near exits before the last
survivor out, and then the evacuation comes to an end.

Collision is a familiar phenomenon (Figures 3(a) and
3(b)), especially at the end of the queue where the crowd
wanders as exit decisions change. 1is phenomenon also
occurs near the exits, as individuals tend to compete when
the evacuation capacity of exits is limited. And there is a self-
organization phenomenon [55] in pedestrian crowds dis-
played in Figure 3(b), evacuees spontaneously gathered in

Table 1: Parameters used in the simulation models [3, 4, 33, 40, 49].

Values Descriptions
m � [77 − 83] kg Pedestrians’ mass
r � [0.25 − 0.30]m Pedestrians’ radius
v∗ � 3m/s 1e desired speed
τ � 0.5 s An average reaction time of pedestrians
A � 2000N Strength of the repulsive social force
B � 0.8 Characteristic distance of the repulsive force
k1 � 1.4 × 105 kg/sec2 Strength of the contact (pushing) force
k2 � 2.4 × 105 kgm− 1s− 1 Coefficient of the friction force
ECj � 2Ped(m · s)− 1 Evacuation capacity of an exit obtained by simulation
Δt � [15 − 30] s Each time step
ρ � [0 − 1] 1e cognitive capability of pedestrians
N � [25 − 150] Initial number of pedestrians
w � 0.8m Width of exits

lbe2

e1
lae1

b

e2

Count-area

a θ

Figure 2: Schematic illustrations of the count-area.
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two streams through the exit. With the accumulation of
individuals at the exits, clogging arises. An arch, which
squeezed into sector shape, is formed in front of an exit, as
shown in the blue circle in Figure 3(c). People who try to
move faster can cause a smaller average speed, which is
called the “faster-is-slower effect.” 1e features described
above are in accord with the known phenomena of
evacuation.

4.3. Results and Discussion. Bad jam and inefficient use of
exits caused by the consistent decision-makers of SFM differ
from facts. 1e performance difference between EDM and
SFM regarding the decision-change module was active or is
not shown in Figure 4. 1e comparison of Figures 4(a)–4(d)
indicates that the difference in the utilization of exits be-
tween EDM and SFM is obvious. Available exits are not
efficiently used in SFM while EDM shows a balancing effect
of people distribution. And the rational decision-making

group of EDM, who can change their minds to a better exit,
leads to a smaller and lighter crowded area exhibited in
Figures 4(c) and 4(d).

1e distribution of evacuation times associated with each
experimental condition is depicted in Figure 5. 1e plots
visualize the evacuation time for the trials as well as min-
imum, first quartile, average, third quartile, and maximum
of the observed evacuation time for each imitated scenario in
simulation over 50 repeats. 1e blue boxes on the left of the
two plots are associated with SFM while the green boxes on
the right correspond to EDM. 1e bisector line y � x is
superimposed to facilitate the comparison, and the scatter of
the boxes around the line is a measure of the dissimilarity
between the EDM and the SFM outputs.

Almost all averages of EDM line up under the bisector
line while the values of SFM are near the line or even scatter
in the upper half of the figures. 1e variation in evacuation
time of different initial pedestrian quantities is similar when
the intelligent behaviors of people are considered. A larger

(a) (b) (c)

(d)

Figure 3: Snapshots of EDM (Experiment 1, N� 100): (a) t� 0 s; (b) t� 10 s; (c) t� 35 s; (d) t� 40.15 s.

Table 2: Characteristic conditions of experiments.

Experiment Scenario Group Initial number of pedestrians

Experiment 1 1 Experimental group (EDM) N � 25, 50, 75, 100, 125, 150
(n� 2) Control group (SFM) (Crowd density� 0.1, 0.3, 0.5, 0.7, 0.9, 1.0)

Experiment 2 2 Experimental group (EDM) N � 25, 50, 75, 100, 125, 150
(n� 3) Control group (SFM) (Crowd density� 0.1, 0.3, 0.5, 0.7, 0.9, 1.0)

Advances in Civil Engineering 7



(a) (b) (c)

(d)

Figure 4: Density map of two models (N � 100) (the positions of exits are circled): (a) Experiment 1 of SFM; (b) Experiment 2 of SFM;
(c) Experiment 1 of EDM; (d) Experiment 2 of EDM.
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Figure 5: Box plots for multiexit evacuation time calculated 50 times of simulation repetitions, corresponding with the setups in Table 2:
(a) Experiment 1: n � 2; (b) Experiment 2: n � 3.
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scatter of evacuation times is measured when setups of a
dense crowd are compared to those of sparse people.

As observed, both plots reveal a degree of pattern re-
semblance between the obtained outcomes from the two-exit
experiment and the three-exit experiment. 1ey both in-
dicate that the social force model performs badly in terms of
evacuation time compared with the exit decision model. 1e
model (EDM) which takes pedestrians’ choices into con-
sideration is more efficient and realistic than the pure
mechanical model (SFM) when there is a large crowd
density. However, the extent of the difference in evacuation
time associated with two models appears to be smaller when
the number of individuals is less than fifty. In general, EDM
is almost 20% (average of the ratios of the increased effi-
ciency in each case) more efficient than SFM, as shown in
Table 3.

1e sensitivity analysis studies the changing of evacu-
ation time with crowd density in a two-exit simulation
scenario (Figure 6), based on ρ � 0.1, 0.3, 0.5, 0.7, 0.9, 1.0. It
is found that evacuation time will increase with the crowd
density rising and the slope of the curves comes to maximum
when ρ � 0.1.1e evacuation time has significant differences
in the condition of different system scales, and big gatherings
can lead to longer evacuation. In the case of fixed pedestrian
density, there is a decreasing trend in the process of pe-
destrian evacuation time changing with individual cognitive
capability. 1e more rational people are, the more accurate
the judgment of queuing time is, and evacuees are more
likely to make wise choices to achieve a higher evacuation
efficiency.

Figure 4(d) displays that local congestion also occurs far
away from exits whenmultiple exits are on the same side of a
room, which can be alleviated through exits on different
sides, as shown in Figure 7. 1e alteration of target exit
changes the direction of pedestrian movement and reduces
congestion areas. However, collisions enhance the resis-
tance of movement which may increase evacuation time.
During the experiments, locations of exits result in dis-
tributions of pedestrian concentration areas. 1e conflicts
are particularly intense when two exits are too close to each
other. It is shown that the exit location is a key factor in
pedestrian evacuation.

5. Optimization of Two-Exit Layout

Dual exits are the most common exit configurations. 1is
section focuses on the question that how positional features
of egress affect collective outcomes in a room with two exits.
An evacuation system is simulated in three typical archi-
tectural layouts (Figure 8), where the width of egress is 0.8m
and the number of pedestrians is set to N� 150. Experi-
mental data for each configuration are obtained by averaging
1125 independent simulation runs.

1e center points of exit e1 and e2 are (x1, y1) and
(x2, y2), respectively, in the coordinate system
(x1, x2, y1, y2 ∈ [0.4, 11.6]). From Figure 8, it is noted that
x1 � x2 � 12 when two exits on the same side, x1 � 12 and
y2 � 0 for the adjacent exits and x1 � 12 and x2 � 0 for the
parallel exits.

5.1. Two Exits on the Same Wall. Figure 9(a) illustrates how
the evacuation time performs as the coordinates of two exits
changing on the same wall. 1e evacuation time is shorter
when two exits are located anywhere on the wall instead of
corners. In addition, the escape time of unilateral config-
uration approximately symmetric to the line y1 � y2, which
means the evacuation efficiency will not be affected by the
exchange of two identical exits. When the coordinates of two
exits coincide y1 � y2, the evacuation time reaches its
maximum as there is only one exit with a width of 0.8m.

As shown in Figure 10, the evacuation time descends
firstly and then ascends with the increase of the separation of
two exits. 1e evacuation efficiency generally reaches the
maximum when at least one of two exits is near the center of
the wall (y � 6). If one exit is near the corner, the best
position for the other exit to achieve a better evacuation is
near the center. It is not conducive to evacuation whether the
separation of two exits is too large or too small. 1e situation
that one exit is far away from the other will lead to a long
average distance to escape, resulting in longer time intervals
between the former and the latter who reach the exit.1e time
intervals of individuals’ escape with long paths relieve the
pressure near exits, where pedestrian jam occurs frequently.
And the local crowd density is relatively low, and thus, those
pedestrians approaching the exits could proceed almost
unimpeded. Although those who lag behind are inclined to
run fast towards exits, they are less likely to change their
destinations as they paid enough time to the current positions,
and changes can lead to longer walking time.

1e interference between two exits gradually enhances
with |y1 − y2| reduces, in which case, pedestrians who select
one exit will be hindered by others who direct their fleeing
toward the other exit. More time will be spent to make
decisions, especially for evacuees in the region between two
exits. Individuals left in the room gather at exits and compete
for rushing out, but the limitation of exits’ capacity results in
long waiting times and low efficiency. 1ere is an abrupt
decrease in the temporal pedestrian flow rate after a gradual
increase, and the flow rate will fluctuate around a specific
value, meaning a typical “faster-is-slower effect” happens.
1is phenomenon can also be found in works done byWang
et al. [45], Garcimart́ın et al. [56], and Liao et al. [57].

5.2. Two Exits on the Adjacent Wall. 1e relations between
positions of two exits and the total evacuation time are
presented in Figure 9(b).1e figure is symmetrical to the line
of y1 + x2 � 12. Compared with Figure 9(a), the difference in
the occupant evacuation time is minor when two exits are on
the adjacent walls. 1e escape time fluctuates from 85 s to 90 s
and rises sharply when two exits are close to the same corner.

1e initial locations of evacuees were found from four
regions in the simulation. 1e phase diagram is divided into
four regions (Figure 11(a)) when two exits locate on adjacent
walls. 1e number of individuals who leave from exit e1 is
large in region A and C, but in region B and D, most pe-
destrians tend to escape from exit e2. 1is may change when
the two exits are far enough apart that people in region B
choose exit e1 while the destination of evacuees in region C is
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Figure 7: Density map of the evacuation of exits on different sides of a room (the locations of exits are circled).

Table 3: Statistical analysis of experimental results.

Number of
people

Experiment 1: n� 2 (two exits) Experiment 2: n� 3 (three exits)
Times of SFM

(s)
Times of EDM

(s)
Ratios of improvement

(%)
Times of SFM

(s)
Times of EDM

(s)
Ratios of improvement

(%)
25 20.391 18.536 9.097 19.801 18.030 8.944
50 28.627 25.974 9.267 23.437 20.260 13.555
75 44.471 30.426 31.582 35.680 24.871 30.294
100 60.931 45.660 25.063 50.979 36.789 27.835
125 85.456 62.254 27.151 64.869 45.384 30.037
150 100.189 81.935 18.220 73.001 63.102 13.560
Average 20.063 20.704
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Figure 6: Curves of the mean evacuation time against initial density.
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exit e2. 1e total evacuation time is determined by the longer
time of two exits. 1is phenomenon was confirmed in 2015.
Huan-Huan et al. [58] found that the four regions have equal
size under certain circumstances and the average distance of
evacuees to two exits is the longest when the two exits locate
near the same corner. 1ere is a risk of pedestrian collisions
around the boundary of the four regions except for two exits,
because that is where the flowsmeet. Individuals may change
their destinations here due to interference from others.

1e outcomes of the comparison between the simulated
measurements are summarized in Figure 11(b). 1e

fluctuation curve of evacuation time is irregular in most
cases. For the case of y1 � 11.6m and x2 � 0.4m, two exits
are located in different corners, and the utilization rate of
both exits is high. 1e total escape time reaches a minimum
of 73.66 s. And a certain distance between exits or between
the exits with a same corner is conducive to reducing the
total evacuation time, although the total escape time is af-
fected by walking time. 1e utilization of exits drops when
they are too close to each other, because the presence of the
side walls will have a negative effect on individual decision-
making and pedestrians sway between different exits which
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Figure 9: Effects of different configurations on evacuation: (a) evacuation time against y1 and y2 for x1 � x2 � 12; (b) evacuation time
against y1 and x2 for x1 � 12 and y2 � 0; (c) evacuation time against y1 and y2 for x1 � 12 and x2 � 0.
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move towards a stalemate. In the simulation, the crowd
density of two exits will reach a certain equilibrium state
with the flow of people moving, and the queuing time is
limited by the exit capacity.

5.3. Two Exits on the ParallelWalls. Figure 9(c) displays that
evacuation time fluctuates with the position changes of two

exits, and the diagram is found to be symmetrical with
respect to the center point (6, 6). 1e average evacuation
time under the parallel scheme is the shortest among all the
schemes, and the maximum is less than 90 s. 1e exits locate
near the corners optimize the evacuation effect to some
extent, in which case, pedestrians have to move a long
average distance to reach their target exit. Once a pedestrian
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Figure 11:1e relations between evacuation time and exit positions when two exits on the adjacent walls: (a) phase diagram for symmetrical
adjacent exits; (b) evacuation time against y1 for x2 � 0.4m, 6m, 11.6m, y1 and y1 + x2 � 12.
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makes his choice, he is reluctant to spend more estimated
walking time to change the decision. 1ey can pass through
the exits quickly as there is no serious congestion in front of
exits. And the result shows that the distribution of the
number of evacuees chosen different exits in the evacuation
is nonuniform, which can be influenced by the initial lo-
cations of people. For the situation of one exit locates around
the corner (y2 � 0.4m, for example), the evacuation time
increases with the reduction of the coordinate difference
between exit e1 and the center point (12, 6). However, the
escape time declines when y1 � 6m.

In the case of opposite exits, the evacuation time is
shorter than other configurations. We noticed that the
phenomenon of crowd wandering caused by decision
changes is quite frequent, especially in the rectangular area
of two exits. And the crowd size at each exit is similar. 1e
average queuing time to exit is the main factor while the
difference in average walking distance of pedestrians is
small. A lot of pedestrians tend to be attracted by the un-
crowded exit, and they spend more time queuing and detour
frequently.

Figure 12 illustrates four curves which have the same
trend that the evacuation time fluctuates with increasing the
value of y1. It shows that either two exits locate in the center
of two walls or near the corner are wise strategies when
setting the exits’ positions for evacuation. In particular, the
former setup corresponds to the minimum evacuation time
of 59.94 s.

6. Conclusions

In this paper, a dynamic exit decision model (EDM) is
proposed to simulate decisions of evacuees in the multiexit
evacuation, and three different exit layouts are outlined and
quantitatively compared through simulations of the model
in a regular room without obstacles. An exit selection
strategy that relies on the shortest estimated time is intro-
duced to solve the inapplicability of the original social force
model. 1e simulated individuals will choose the best
suitable exits by comparing the total estimated time of
walking and queuing. 1e cognitive capability ρ of indi-
viduals plays an important role in the decisions as well. We
compared the effects of traditional shortest distance evac-
uation strategies and the optimized evacuation strategies.
Two experiments were identified in two scenarios, in which
EDM was the experimental group and SFM was the control
group. 1e experiments systematically tested the effect of
evacuees’ choices on the effectiveness of evacuation, and it is
confirmed that EDM is almost 20%more efficient than SFM.
We also showed how the simulation outcomes of the crowd
evacuation through two exits can be significantly sensitive to
the specification of the cognitive capability ρ. When ρ � 0,
the exit selection strategy is equivalent to the shortest dis-
tance strategy. 1e pedestrian jam occurs and gets worse
with initial crowd density rising since the width of exits is
fixed.

Various exit layouts were analyzed to evaluate design
optimization as it relates to the effects of evacuation. Dif-
ferent layouts result in different times for evacuees escaping,

and preliminary results indicate that evacuation time will be
improved with the changes of exit locations. 1ere are three
layouts investigated: two exits located on the same wall, on
the adjacent walls, and on the parallel walls. Our simulation
analyzes produced three fluctuating graphs of total evacu-
ation time versus locations of two exits.1e total escape time
ranges from 70 s to 105 s when two exits locate on the same
side or adjacent walls, while the time of parallel exits fluc-
tuates from 59 s to 90 s. It seems that two exits outperform
one exit and two parallel exits are a wise choice for urgent
evacuation. In addition, we summarized three findings as
follows. First, it is not conducive to evacuation whether the
separation of two exits is too large or too small. A long
distance between two exits has a good impact on alleviating
congestion andmost pedestrians proceed almost unimpeded
through two exits. However, it results in a long average
walking time for evacuees. Although a short distance leads to
a short average walking time, the phenomenon of indi-
viduals’ wander occurs frequently as evacuees have diffi-
culties in making decisions with a lot of distractions (other
people [19] or the side walls [18]) if two exits are close to each
other or to the corners. 1e efficiency decreases with serious
pedestrian jams. Second, two symmetric exits on the same
wall, two exits locate near different corners on the adjacent
walls and two opposite exits locate near the corner or in the
middle of the parallel walls performed well during urgent
evacuations under their respective conditions. Finally, in
some particular configurations, an even symmetry is found
more efficient than an asymmetric distribution of exits,
which is consistent with the results in [59, 60].

1e observations above have important implications for
evacuation planning. First, we propose an approach for
improving crowdmodeling, which provides new insight into
the pedestrian decision-making process. Secondly, we
confirmed that the symmetrical design principle is indeed
conducive to evacuation. Furthermore, our findings from
simulated scenarios may help formalize the quantification of
exit locations by abstracting the concrete evacuation sce-
narios into single grids to help managers to design solutions
that can facilitate evacuations in all kinds of evacuations.
Although our work contributes to an understanding of
emergency evacuation, several questions need to be
addressed in future research. First, note that the social force
model cannot perfectly simulate the movement of pedes-
trians during emergency evacuations. Some problems, such
as unrealistic speed changes and collisions to wall [37], still
require further exploration. Second, the analyses reported in
this work do not consider “cooperative behaviors” [22],
“herding behavior” [5], “leadership” [61], and “physical
aggressiveness” [36], whichmight be possibilities of affecting
choices of evacuees in emergencies. 1ird, the inaccurate
computation of exit capacity (EC), which simply superim-
poses the influence of the width and thickness, might lead to
wrong instructions and imprecise evacuation results. Finally,
the experiments were calibrated in simulated scenarios
without obstacles and dynamic changes. And it is of vital
importance to consider other objective factors during
evacuation simulations. In addition, complex application
scenarios were not considered in this research to meet a
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variety of abstract analysis needs in normal evacuations.
1erefore, it is a challenge to find a suitable measurement
standard to summarize more general rules from a more
specific data level. We can only use some qualitative de-
scriptions to explain our findings. Future research drawing
from a more practical evacuation is needed to address
questions of evacuation simulation.
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and I. Zuriguel, “Flow of pedestrians through narrow doors
with different competitiveness,” Journal of Statistical Me-
chanics-1eory And Experiment, vol. 2016, no. 4, p. 43402,
2016.

[57] W. Liao, A. Tordeux, A. Seyfried et al., “Measuring the steady
state of pedestrian flow in bottleneck experiments,” Physica A:
Statistical Mechanics and Its Applications, vol. 461, pp. 248–
261, 2016.

[58] T. Huan-Huan, D. Li-Yun, and X. Yu, “Influence of the exits’
configuration on evacuation process in a room without ob-
stacle,” Physica A: Statistical Mechanics and Its Applications,
vol. 420, pp. 164–178, 2015.

[59] D. L. Zhao, L. Z. Yang, and J. Li, “Exit dynamics of occupant
evacuation in an emergency,” Physica A-Statistical Mechanics
And Its Applications, vol. 363, no. 2, pp. 501–511, 2006.

[60] Z. Shahhoseini and M. Sarvi, “Traffic flow of merging pe-
destrian crowds: how architectural design affects collective
movement efficiency,” Transportation Research Record:
Journal of the Transportation Research Board, vol. 2672,
no. 20, pp. 121–132, 2018.

[61] Y. Ma, R. K. K. Yuen, and E. W. M. Lee, “Effective leadership
for crowd evacuation,” Physica A: Statistical Mechanics and Its
Applications, vol. 450, pp. 333–341, 2016.

16 Advances in Civil Engineering


