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Abstract: After a fire breaks out, pedestrians simultaneously move towards the exit and quickly
form a crowded area near the exit. With the intensification of pedestrians’ tendencies towards unfair
competition, there is an increase in pushing and collisions within the crowd. The possibility of stam-
pedes within the crowd also gradually increases. Analyzing the causes and psychological tendencies
behind pedestrian pushing and collisions has a positive effect on reducing crowd instability and
improving evacuation efficiency. This research proposes a modified social force model considering
the unfair competition tendency of pedestrians. The model considers factors such as the gap be-
tween pedestrians’ actual and maximum achievable speed, effective radius, and their distance from
the exit. In order to overcome the shortage of “deadlock” in the classical social force model in a high-
density environment, this research introduces the feature of variable pedestrian effective radius. The
effective radius of pedestrians dynamically changes according to the density of the surrounding
crowd and queuing time. Through validation, the evacuation efficiency of this model aligns well
with the actual situation and effectively reflects pedestrians’ pushing and squeezing behaviors in
high-density environments. This research also analyzes how to strategically arrange obstacles to
mitigate the exacerbating effect of unfair pedestrian competition on exit congestion. Five experi-
ments were conducted to analyze how the relative position of obstacles and exits, the number of
evacuation paths, and the size of the obstacle-free area before the exit affect evacuation efficiency in
the presence of unfair pedestrian competition. The results show that evacuation efficiency can be
improved when obstacles play a role in guiding or reducing the interaction of pedestrians in differ-
ent queues. However, when obstacles hinder pedestrians, the evacuation efficiency is reduced to a
certain extent.

Keywords: crowd evacuation; crowded exit; unfair competition; effective radius; social force model

1. Introduction

In recent years, pedestrian dynamics and crowd evacuation have received increasing
attention, which has significant practical implications for understanding pedestrian
movement after a fire and improving evacuation efficiency [1]. Social force model is one
of the most commonly used methods for simulating pedestrian movement [2,3]. Many
observed pedestrian collective dynamic behaviors have been successfully described by
social force model, as shown in Table 1.

After a fire, a large number of pedestrians simultaneously move towards the exit,
leading to the rapid formation of a high-density area near the exit. High density alters
pedestrian behavior [4], leading to increased crowd flow and unstable movement [5]. This
appears to be the most complex area [6]. In a high-density environment, pedestrians may
push and collide [7], which can escalate into a severe stampede accident [8]. Analyzing
and understanding the causes of pushing and collisions among pedestrians is essential
for reducing stampede accidents and enhancing public safety. Pushing and collisions are
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caused by pedestrians’ desire to compete for target space through unfair competition
[9,10]. Whether pedestrians engage in unfair competition behavior directly depends on
the gap between their actual walking speed and their maximum achievable speed. When
pedestrians’ actual walking speed is close to their maximum achievable speed, the possi-
bility of unfair competition behavior remains at a low level. However, as the actual walk-
ing speed of pedestrians decreases, the possibility of unfair competition behavior will in-
crease [11,12]. Crowd density is an important factor influencing the occurrence of unfair
competition behavior [13]. The possibility of unfair competition among pedestrians is pos-
itively correlated with crowd density and increases as crowd density increases [14]. Ad-
ditionally, the tendency for pedestrians to engage in unfair competition is also affected by
the distance between pedestrians and the exit [15]. The number of people discontent with
waiting in line increases with the distance from the exit [16]. The desired speed, as one of
the parameters in the social force model, is a crucial factor influencing the model’s perfor-
mance [17-19]. When pedestrians engage in pushing behavior, their desired speed under-
goes changes, leading pedestrians to acquire higher desired speed [20,21]. A higher de-
sired speed produces more collisions, and the real manifestation of such collisions is push-
ing and shoving. This research introduces unfair competition into the social force model.
Through the unfair competition factor, pedestrians achieve higher desired speed, result-
ing in more collisions. This factor is influenced by the gap between pedestrians’ actual and
maximum achievable speed, queue distance, and other factors.

The pathway opened by pushing is relatively narrow, making it difficult for pedes-
trians to pass through in a conventional manner. However, pedestrians are highly adapt-
able in their movements and employ various methods to navigate through [22]. In narrow
spaces, pedestrians can pass through crowds by actively rotating or contracting their bod-
ies [23,24]. The classical social force model typically sets the contact or force distance of
pedestrians to a fixed value. Pedestrians are represented as circles during the simulation
process. However, the fixed-size circular model often results in deadlock in narrow spaces
[25]. Simply treating pedestrians as circles neglects the body movements of pedestrians in
narrow spaces [26]. The elliptical social force model can partially address this issue, but
the calculation of the minimum distance for ellipses is complex [27]. Existing research on
elliptical social force model mainly calculates the repulsion between pedestrians by deter-
mining the distance between their centers of mass [28-31]. However, the shortest distance
between two ellipses does not necessarily occur along the line connecting their centers of
mass. This simplification may lead to discrepancies between simulation results and the
actual bodily rotational or contraction behaviors of pedestrians. The essence of rotating or
contracting the body is to adjust the effective radius of pedestrians to fit the width of nar-
row spaces. Representing pedestrians as size-variable circles not only reflects the adjust-
ment of pedestrians’ effective radius but also avoids complex geometric calculations [32].
In order to enhance the navigability of the classical social force model in high-density ar-
eas, this research introduces the feature of the variable pedestrian effective radius, which
dynamically adjusts the pedestrian’s effective radius based on external conditions.

When people face the efforts they have exerted, they often tend to persist with the
decisions they have made. This phenomenon is known as the sunk cost effect [33,34]. Pe-
destrians need to rotate or contract their bodies when squeezing through gaps in a crowd,
which requires additional efforts. Those efforts somewhat predispose pedestrians to con-
tinue engaging in unfair competition behaviors. In other words, in order to achieve rapid
passage through an exit, pedestrians’ unfair competition behavior demands more body
movements. More body movements, to a certain extent, sustain the tendency of unfair
competition. Therefore, this research also considers the impact of changes in pedestrian
body size on the tendency towards unfair competition.

For indoor environments, the formation of evacuation paths is influenced by the lay-
out of obstacles [35]. Ref. [36] provides the minimum net width value of evacuation walk-
ways. That is, it stipulates the minimum distance between the obstacles on both sides of
the evacuation path. However, there are no clear requirements for the number of
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evacuation paths, the relative position relationship between evacuation paths and room
evacuation doors, or the distance between obstacles and room evacuation doors. The rea-
sonable layout of obstacles can improve the outlet flow velocity and significantly reduce
the probability of congestion [37]. In this study, a cylindrical obstacle was set up near the
exit to divide a crowd. In real life, the space in the room is relatively limited, making it
challenging to place an obstacle near the exit. Further analysis is needed on how to divide
and guide a crowd by utilizing the conventional and existing obstacles in the room. The
exit layout constitutes another crucial factor affecting crowd evacuation [38]. However,
the study did not address obstacles, and all pedestrians were in free motion. For rooms
with obstacles, pedestrian movement is restricted. Further discussion is needed on the
relative positioning of obstacles and exits. The impact of obstacles on exit evacuation effi-
ciency is constrained by their distance [39]. However, this study only discusses scenarios
where pedestrians do not engage in unfair competition. In high-density environments,
pushing and collisions among pedestrians are significant causes of crowd instability. It is
necessary to analyze the impact of obstacles on exit evacuation efficiency when there is
unfair competition among pedestrians.

This research analyzes the motion characteristics of pedestrian pushing and squeez-
ing through gaps in crowd behaviors and proposes a modified social force model that
considers pedestrians’ unfair competition and variable body size. This research provides
the formula for calculating the desired speed of pedestrians during pushing, as well as the
variation of pedestrian radius during the process of squeezing through gaps in the crowd.
The simulation results demonstrate that the model effectively captures the unfair compe-
tition and squeezing behaviors of pedestrians near a crowded exit after a fire occurs. In
order to mitigate the exacerbating effect of unfair competition on exit congestion, this re-
search analyzes the intrinsic principles of how obstacle layout affects evacuation efficiency
through experiments. It concludes that evacuation efficiency can be improved when ob-
stacles play a role in guiding or reducing the interaction of pedestrians in different queues.

Table 1. Research on the social force model.

Pedestrian Behavior References Pros and Cons

e By introducing pedestrian emotion, pedes-
trians are given a higher desired speed. The
simulation demonstrates that the average
departure speed of groups of pedestrians
decreases with the increase in the desired
speed of individual pedestrians.

Although the model considers the gap be-
tween pedestrians’ actual and maximum
achievable speed, it does not account for the
influence of factors such as crowd density,
queue time, queue distance, and others on
pedestrian emotions.

Faster is slower ~ Helbing et al. [20] .

e A new repulsive force is added to the
model, enabling the classical social force
model to better replicate local interactions
in regions of extreme density. The simula-

Stop-and-go Yu et al. [40] tion results demonstrate the transition of
pedestrians from laminar flow to stop-and-
go and turbulence.

e The model better reflects the movement
characteristics of pedestrian groups, but it
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ignores the body movements and heteroge-
neity of individual pedestrians.

e  The study provides a new perspective on
understanding the phase transition behav-
ior of systems far from equilibrium, empha-
sizing the crucial role of fluctuations in pro-
moting or disrupting the formation of or-
dered structures.

However, the simulation environment is
relatively simple, without considering the
impact of obstacles on pedestrians along
their forward path. Obstacles are also im-
portant factors affecting pedestrian flow
patterns.

Bidirectional pedes-
trian flow stratifica- Helbing et al. [41] .
tion

e  The study introduces visual factors based
on the classical social force model. Pedestri-
ans adjust their motion state according to
the state of other pedestrians within a cer-
tain range. The model achieves overtaking
behavior while minimizing unrealistic col-

Overtaking Yuen et al. [42] lisions.

¢  The study only considers pedestrians over-
taking by adjusting their direction of move-
ment. It overlooks the behavior where pe-
destrians can squeeze through the gaps in
the crowd by rotating or contracting their
bodies.

2. Model Description
2.1. Classical Social Force Model (SFM)

The classical social force model suggests that pedestrian movement is influenced by
both intrinsic and extrinsic social force [43]. Internal social force reflects the driving force
of individual subjective consciousness. Extrinsic social forces include the forces between
pedestrians and the forces between pedestrians and boundaries or obstacles. The resultant
force is shown in Equation (1).

—_— —0 —_ _—
L=+ 2 fi+ 21 )
(i) w
i 70
where 7 (¢) represents the resultant force acting on pedestrians, 7 represents the

27 2
driving force, /7  represents the repulsive force between pedestrians, and
represents the repulsive force of boundaries or obstacles on pedestrians.

The driving force of pedestrians is shown in Equation (2).

i -V : 2

0
. . v (¢t .
where " represents the mass of pedestrians, (1) represents the desired speed of pe-
o
destrians in the direction % , " (?) represents the actual velocity of pedestrians at time

Z;

!, and represents the response time of pedestrians to adjust their speed and direction.
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The repulsive force between pedestrians is shown in Equation (3).

Jy :{147. exp[(r,.j _di/)/Bi:|+kg(ri/ _d;/)}’?f”’(g(’?f —dy ) Av, (1), @)

where represents the strength of interaction force between pedestrians ! and J ;
B represents the range of interaction force between pedestrians / and J ; K and &
are constants; Function g(x) is a conditional function, which is zero if pedestrians do
not contact each other, otherwise it equals the parameter ¥ ; i represents the sum of
the radius of pedestrian ! and J ; a represents the shortest distance between pedes-
trian | and / ; represents the unit vector pointing from pedestrian  to J ; and

A (0=(7,(0) -7 () 4,

/" in the tangential direction.
The repulsive force between pedestrians and obstacles is shown in Equation (4).

E = {Ai exp[(”i _diw)/Bi:|+kg(7} —dy )}@""Kg(’;‘ _dxw)(ﬁ(t)g)g 4)

represents the velocity difference between pedestrians ¢ and

where @ represents the shortest distance between pedestrian ! and obstacle 7,

" represents the direction perpendicular to pedestrian ¢ and obstacle "', and o

represents the tangential direction between pedestrian ¢ and obstacle W .

2.2. Modified Social Force Model (MSFM)

The MSFM extends the rules of describing pedestrian movement from the SFM, ana-
lyzing behaviors of pushing and squeezing through gaps in the crowd from both psycho-
logical and physiological aspects. It overcomes the shortcomings of the SEM in describing
pedestrian unfair competition and bodily details.

The pushing among pedestrians arises from highly competitive or even aggressive
behavior [44,45]. The schematic diagram of pedestrians pushing is shown in Figure 1a.
The unfair competition tendencies among pedestrians are controlled by the actual walking
speed and the maximum achievable speed. When pedestrians’ actual walking speed is
lower than the maximum achievable speed, the possibility of pushing behavior among
pedestrians tends to increase [12,46]. This tendency is also positively correlated with the
distance between pedestrians and the exit. As the queue lengthens, pedestrians become
impatient, and the number of pedestrians choosing to conservatively continue queuing
decreases [47]. After pushing, pedestrians need to rotate or contract their bodies to suc-
cessfully navigate through dense crowds. This process requires more effort than adhering
to a conservative queuing strategy. Based on the sunk cost effect, pedestrians who exert
more effort tend to persist with their decisions [33,34]. To some extent, the behavior of
pedestrians of adjusting body posture upholds the tendency of unfair competition. For
the social force model, assigning a higher desired speed to pedestrians can result in more
collisions. Based on the above research, we present a factor reflecting the unfair competi-
tion tendency of pedestrians, enabling pedestrians to achieve higher desired speed. This
factor considers factors such as the gap between pedestrians’ actual and maximum achiev-
able speed, pedestrian effective radius, and distance to the exit, as shown in Equation (5).

R () IR £ )

= max

a(t . . , .
where /(1) represents the unfair competition factor; "  represents the maximum

achievable speed of pedestrians; ¢ is a sensitive parameter that controls the rate of



Fire 2024, 7, 242

6 of 17

unfair competition tendency, which gradually decreases with the increase in ¢ value

. (1 . .
and reaches the maximum when ¢ =0; i (7) represents the effective radius of pedes-

. a Lo . . b, _
trians; ¢ represents the semi-major axis of pedestrians; * represents the semi-minor

axis of pedestrians; and ¢ represents the distance of pedestrians to the exit.

.
)
otating
or
(ontractind
L
Q .
’

(b)

Figure 1. (a) Pedestrians compete for the target space by pushing, (b) pedestrians squeezing through
gaps in the crowd by rotating or contracting their bodies.

The corrected desired speed of pedestrians v, (1) is shown in Equation (6).
v;(t):a)’_(t)-vl_o (t)+(1_w,-(t))-v;““x ©6)

The SFM cannot enable pedestrians to pass through passages narrower than their
diameter. The pathway opened by pushing is often narrow. A mechanism needs to be
proposed to solve this problem. Pedestrians can change their personal space by rotating
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or contracting their bodies. The purpose of these behaviors is to form a body with a
smaller effective size, meaning that the size of pedestrians is variable [23]. Ref. [32] pro-
poses a social force model that dynamically adjusts the pedestrian radius by perceiving
gaps. However, the prerequisite is that an object can be found on both sides of the forward
direction. If not, an assumption needs to be made. Perceiving gaps is essentially judged
by visual information, but pedestrian motion decisions integrate a variety of sensory in-
formation. Pedestrians can not only observe other pedestrians through vision but also per-
ceive those on the side or even behind through hearing and touch. This research proposes
a strategy for pedestrians to adjust their body posture by sensing the occupation of space
by other pedestrians within a certain range. This strategy reduces the requirement to find
or assume gap boundaries. In this research, the perception range is set as a circle, and the
key is to determine the radius of the perception circle. The schematic diagram of pedes-
trian perception is shown in Figure 1b. Queuing time also can influence pedestrian walk-
ing characteristics [48]. This research proposes a radius conversion factor, where pedes-
trians dynamically adjust their radius size by perceiving crowd density and queuing time.

The radius conversion factor ' (t) is shown in Equation (7).

()= 1 1

- s
L+ exp _ﬂ.(pm p") (7)
pmax

where P, represents the maximum density that pedestrians can tolerate; # denotes

the crowd density within the perception range, as shown in Equation (8); and B isa
parameter adjusting the sensitivity and slope of the radius conversion factor.

p=—2 ®)

A

where represents the number of people within the perception range, and i de-
notes the radius of the perception range, which is an integer multiple of the pedestrian’s

. . . r=Aa
Seml—ma]OI‘ axis, ! !

The effective radius of pedestrians is shown in Equation (9).

r ()=, (1)-a +(1-v,(1))-b, )

3. Experimental Data and Parameter Values

The experimental data were obtained from an interdisciplinary experimental study
on congestion and queuing in front of entrances conducted at the University of Wupper-
tal, and the video data with the identifier 030_c_56_h0 were selected for analysis [49]. The
experiment involved 75 volunteers whose initial positions were randomly distributed in
a corridor measuring 7 m in length and 5.6 m in width. After the start of the experiment,
volunteers were asked to pass through a bottleneck area with a width of 0.5 m as quickly
as possible. The width of the exit allowed only one pedestrian to pass at a time.

This research focused on the behavior of pedestrians rotating or contracting their
bodies in high-density environments, as illustrated in Figure 2. Supplementary analysis
was conducted on 14 cases of pedestrians who were clearly observed performing the
above-mentioned actions in the video. Statistics were gathered on factors such as the num-
ber of people surrounding these pedestrians and the rotation angle.
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Figure 2. Pedestrians marked with blue circles navigate high-density areas by (a) rotating their bod-
ies and (b) contracting their bodies.

Using the SFM to simulate the above data, it was found that when the exit width was
less than 1 m, pedestrians could not be effectively evacuated. This is because in high-den-
sity environments, the combined effects of pedestrian repulsion and obstacle repulsion
result in a phenomenon known as deadlock in pedestrian movement. Simply put, pedes-
trians become stuck between other pedestrians or obstacles. The simulation manifested as
pedestrians being completely unable to move or oscillating within a certain range. Figure
3 reflects the variation of pedestrian distance to the exit over time with an exit width of 0.6
m. After 18 s of simulation, all pedestrians were unable to move. Figure 4a depicts the
positions of all pedestrians after 45 s of simulation with an exit width of 0.8 m. Pedestrians
20 and 61 repeatedly collided. Pedestrian 61 became stuck between pedestrian 20 and the
wall, unable to proceed further into the exit. The variation over time in the distance from
pedestrians 20 and 61 to the exit is shown in Figure 4b.

(63}

Distance(m)
N

w

Time(s)

Figure 3. The variation in pedestrian distance to the exit over time with an exit width of 0.6 m. The
red dotted line marks the distance of each pedestrian from the exit after 18 s of simulation.
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Figure 4. The simulation runs for 45 s with an exit width of 0.8 m. (a) The positions of all pedestrians,
and (b) the variation over time in the distance from pedestrian 20 and pedestrian 61 to the exit.

After repeated testing, the exit width in the SFM was set to 1 m, allowing pedestrians
to be effectively evacuated. Although the exit width did not match reality, pedestrians still
could not pass side by side due to repulsion forces. The pedestrian number and coordinate
system adopt the rules of Ref. [49].

The remaining parameters for pedestrians are listed in Table 2.

Table 2. The values of pedestrian parameters.

Parameters Value

m, 80 kg

V(1) 3 m/s
7 05s
4 2000
B 0.08
k 1.2 x105
K 2.4 x10°

v 5m/s
7, 0.25m
a, 0.25m
b, 0.2m

Pinax 9 ped/m? [45]

4. Results

The number of pedestrians surrounding the 14 cases of pedestrians with body rota-
tion or contraction movements clearly observed in the video was statistically analyzed
using search radii of three, four, and five times the semi-major axis of the pedestrian. The
results are shown in Figure 5. The standard deviation of the three groups of data is shown
in Table 3. When the search radius was set at three times the semi-major axis of the pedes-
trian, the dispersion of the number of surrounding pedestrians was minimized. This indi-
cates that the number of surrounding pedestrians was relatively stable within this range.
At the same time, there was a possibility of direct contact among surrounding pedestrians
within this range. Therefore, using this range as the perceptual range of pedestrians also
aligns with general cognition.
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Figure 5. Statistics of the number of pedestrians around.

Table 3. Standard deviation of the number of surrounding pedestrians under different search radii.

Search Radius 3a, 4a, 5a;
Standard deviation 2.01 4.03 5.92

To determine the value of B , this research conducted multiple numerical experi-
ments and compared them with actual data, as shown in Appendix A. The mean absolute
error between the results of each set of numerical experiments and actual data are shown

B

in Table 4. The optimal fit value for in this case was 0.75.

Table 4. The mean absolute error between the results of each set of numerical experiments and ac-
tual data for different # .

B 0.25 0.5 0.75 1
Mean absolute error 0.007479 0.007464 0.007421 0.007621

When the radius of the pedestrians was made variable, it was found that pedestrians
could pass side by side through the exit when the exit width was set to 1 m. Therefore, the
exit width needed to be adjusted. When the exit width was adjusted to 0.9 m, the phenom-
enon of pedestrians passing side by side disappeared. Therefore, in the MSEM, the exit
width was adjusted to 0.9 m.

In the numerical experiments to determine ¢, the number of evacuees was counted
every 5 s and compared with actual data. Figure 6 shows the relationship between the
number of evacuees and the time for different ¢ . The mean absolute error between the
simulation results and actual data for different ¢ are shown in Table 5. The optimal fit
value for ¢ in this case was 0.6.
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Table 5. The mean absolute error between simulation results and actual data for different ¢ val-
ues.

a 0.6 0.7 0.8 0.9
Mean absolute error 15 2.4 3 1.8

This research compared the number of evacuees over time between the MSFM and
the SFM with different desired speeds. As shown in Figure 7, the MSFM could better esti-
mate the macroscopic evacuation efficiency. The SFM, with an exit width of 1 m and de-
sired speeds of 3 m/s, 4 m/s, and 5 m/s, failed to achieve complete evacuation within 65 s.

75 I I I I T T T T I I
70 |+ |[=l=real -
=@=MSFM(a=0.6)
65 SFM(exit width=0.5) -
= SEM(exit width=1, v_desired=3),
60 [ |=@=SFM(exit width=1, v_desired=4) <
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55
5 50 |- .
E
a 45 -
= 40 - -
&gf 35 g
§ 30 .
25 -
20 -
15 -
10 -
5| 4
o 1 1 1 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time(s)

Figure 7. The variation in the number of evacuees over time.
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5. Discussion
5.1. Influence of Desired Speed on Evacuation Efficiency

Figure 7 shows that there was no significant difference in evacuation efficiency be-
tween v_desired = 3 m/s and v_desired = 5 m/s, but both were higher than v_desired = 4
m/s. The authors believes that the reason for this is the coexistence of two seemingly con-
tradictory phenomena: “faster is slower” [20] and “faster is faster” [50].

In this research, when v_desired increased from 3 m/s to 4 m/s, evacuation efficiency
decreased, illustrating “faster is slower.” Pedestrians can move faster towards the exit af-
ter increasing their desired speed. However, pedestrians arriving earlier at the exit are not
effectively evacuated, leading to continuous congestion near the exit and a reduction in
evacuation efficiency. But with further increases in desired speed, pedestrians who arrive
first quickly pass through the exit without significant accumulation. At this time, evacua-
tion efficiency improves at this point, reflecting “faster is faster.” However, overall, de-
spite increasing the desired speed from 3 m/s to 5 m/s, pedestrians exert more effort but
evacuation efficiency does not improve.

5.2. Influence of Obstacles on Evacuation Efficiency

To further analyze the influence of pedestrians’ unfair competition near crowded ex-
its on emergency evacuation after a fire, this research conducted evacuation simulations
with different layouts of obstacles, as shown in Figure 8. The simulation environment was
11.6 m x 8 m, with an exit width of 0.9 m.
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Figure 8. Layout of obstacles for each experiment: (a) Experiment 1, (b) Experiment 2, (c) Experiment
3, (d) Experiment 4, (e) Experiment 5.

In Experiment 1, obstacles measuring 2 m x 1 m were placed, totaling twelve. Pedes-
trians were evenly distributed behind the obstacles. According to Ref. [36], the minimum
net width of evacuation walkways is 1.1 m. Therefore, the lateral and longitudinal dis-
tances between obstacles, as well as the distance of the lowest row of obstacles from the
bottom boundary, were all set to 1.1 m.

Experiment 2 adjusted the exit to the right side of the overall layout, allowing pedes-
trians to move horizontally towards the exit. The purpose of this experiment was to ana-
lyze the impact of the relative position relationship between obstacles and the exit on pe-
destrian evacuation in unfair competition.

Experiment 3 combined the three 1.1 m paths from Experiment 1 into a single 3.3 m
path. The purpose of this experiment was to analyze the impact of the number of paths on
pedestrian evacuation in unfair competition.

In Experiment 4, obstacles were increased by 1.1 m away from the exit based on the
layout of Experiment 1. The purpose of this experiment was to analyze the influence of
the size of the obstacle-free area in front of the exit on the evacuation of pedestrians in
unfair competition.

Experiment 5 served as a control group without obstacles.

The relationships between the number of evacuees and time for the five experiments
are shown in Figure 9. Evacuation counts were recorded every 5 s. The evacuation times
for each experimental group were 35, 30 s, 50 s, 40 s, and 55 s. Among them, Experiment
5, the control group without obstacles, had the longest evacuation time. In this experi-
ment, pedestrians could move freely towards the exit without constraints and quickly
formed a high-density area near the exit. During the waiting process, the unfair competi-
tion tendency among pedestrians increased, resulting in more collisions between pedes-
trians and exacerbating congestion. Compared to the other four experiments, this research
concludes that obstacles can, to some extent, alleviate congestion and improve evacuation
efficiency.

Experiment 2 had the shortest evacuation time, and the congestion near the exit was
minimal among all experiments. In Experiment 2, the obstacles divided pedestrians into
four orderly queues. Compared with Experiment 1, the pedestrians reduced the process
of bypassing the obstacles, and almost only needed lateral movement to reach the exit.
This is the main reason why the evacuation time of Experiment 2 was lower than that of
Experiment 1. This shows that obstacles have two effects on pedestrians: guidance and
hindrance. When the evacuation path is directly connected with the exit, the role of obsta-
cles is mainly reflected in dividing the queue and guiding pedestrians. This condition is
more conducive to evacuation.
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Although the total width of the passages was the same for Experiment 1 and Experi-
ment 3, the evacuation time of Experiment 3, with only one wide path, was longer than
that of Experiment 1, with three narrow paths. In Experiment 3, pedestrians only pro-
gressed in an orderly manner before reaching the wide path. Once pedestrians reached
the wide path, they immediately transitioned into disordered movement. Pedestrians
formed a high-density area after rapidly reaching the exit. During the waiting process, the
unfair competition tendency among pedestrians increased, leading to more collisions be-
tween pedestrians and exacerbating congestion. In Experiment 1, the three narrow paths
were all set to 1.1 m. At this point, the obstacles effectively constrained the formation of
queues, thereby reducing interactions between pedestrians from different queues. There-
fore, under equal total width conditions, the evacuation efficiency of multiple narrow
paths was higher than that of a single wide path.

Experiment 4 increased the area of the obstacle-free zone in front of the exit. Through
comparison, it was found that the smaller the area where pedestrians move in a disorderly
manner, the shorter the evacuation time of the pedestrians. In Experiment 1, the area of
disorderly movement was small, and many pedestrians queued in an orderly manner at
paths, which did not increase the congestion near the exit. This explains why Experiment
1 had a shorter evacuation time compared to Experiment 4. The indoor layout should give
full play to the constraint of obstacles on pedestrians and reduce the area of the disorderly
area near the exit.
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Figure 9. The relationship between the number of evacuees and time in each experiment.

6. Conclusions

The MSFM introduces unfair competition behavior based on the SFM, analyzing the
causes and psychological tendencies of this behavior. This model considers the impact of
the gap between pedestrians’ actual and maximum achievable speed, pedestrian effective
radius, and queue length on desired speed. By increasing the desired speed, more colli-
sions among pedestrians are achieved. The MSFM also introduces the feature of variable
pedestrian effective radius. The effective radius of pedestrians dynamically changes based
on the surrounding crowd density and queue time. The simulation results indicate that
the model can better simulate pedestrian evacuation in hazardous situations.
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By adjusting the layout of obstacles, this research analyzes the impact of the relative
positioning of obstacles to the exit, the number of evacuation paths, and the size of obsta-
cle-free areas in front of the exit. When obstacles play a role in guiding or reducing the
interaction of pedestrians in different queues, it has a positive impact on improving evac-
uation efficiency. When obstacles hinder pedestrians, the evacuation efficiency is reduced
to a certain extent. Based on the above conclusions, the following suggestions are put for-
ward:

e  Under the premise of meeting functional requirements, indoor installation should
avoid centralized placement of fixed facilities as much as possible. It is suggested to
use fixed facilities to divide the room into multiple regular and independent areas,
thereby forming multiple narrow evacuation paths. Each area should have independ-
ent evacuation paths leading to the exit to avoid congestion and confusion caused by
pedestrian interaction in different queues.

e  Thelayout of fixed facilities should consider that the evacuation path formed by them
can lead directly to the exit. Even if the visibility is low in the fire environment, pe-
destrians can reach the exit quickly and smoothly by walking on the edge of the fixed
facilities.

e  Managers should regularly conduct fire safety education to increase pedestrians’
confidence in surviving during hazardous events. This helps to reduce tendencies
towards unfair competition from a psychological perspective.

This research discusses the impact of fixed obstacles on pedestrian emergency evac-
uation. However, during a fire incident, flammable or easily collapsible objects may ran-
domly appear in evacuation pathways. The effects of these randomly appearing or non-
fixed obstacles on pedestrian evacuation need to be further discussed in future research.
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Appendix A
The following table contains the pedestrian ID, frame, rotation angle, actual effective

radius, and effective radius calculated with different # for 14 cases of pedestrians with
noticeable body rotation or contraction behaviors. The pedestrian IDs correspond to those
in Ref. [49].
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Effective  Effective  Effective  Effective  Effective

ID Flame Rotation Radius Radius Radius Radius Radius
Angle (°)
(Rea) (A =025) (=05 (F =075 (X =1
1 158 30 0.2341 0.2274 0.2286 0.2291 0.2291
6 87 40 0.2252 0.2276 0.2293 0.2303 0.2308
7 252 30 0.2341 0.2270 0.2276 0.2275 0.2271
11 585 34.2 0.2304 0.2267 0.2269 0.2265 0.2261
17 69 - 0.2250 0.2279 0.2304 0.2324 0.2341
17 346 69 0.2048 0.2269 0.2273 0.2271 0.2267
20 60 37 0.2279 0.2284 0.2321 0.2361 0.2400
22 39 47 0.2192 0.2281 0.2311 0.2339 0.2364
30 315 44.8 0.2210 0.2270 0.2277 0.2276 0.2273
58 56 24.9 0.2384 0.2280 0.2307 0.2331 0.2351
66 56 29.6 0.2344 0.2281 0.2309 0.2336 0.2359
66 235 25.8 0.2377 0.2272 0.2281 0.2283 0.2281
66 339 41.5 0.2239 0.2268 0.2272 0.2269 0.2265
75 28 19.2 0.2427 0.2284 0.2326 0.2371 0.2415
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