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The social force model has been widely used to simulate pedestrian evacuation by analyzing attractive, repulsive,
driving, and fluctuating forces among pedestrians. Many researchers have improved its limitations in simulating behaviors
of large-scale population. This study modifies the well-accepted social force model by considering the impacts of interaction
among companions and further develops a comprehensive model by combining that with a multi-exit utility function. Then
numerical simulations of evacuations based on the comprehensive model are implemented in the waiting hall of the Wulin
Square Subway Station in Hangzhou, China. The results provide safety thresholds of pedestrian density and panic levels
in different operation situations. In spite of the operation situation and the panic level, a larger friend-group size results in
lower evacuation efficiency. Our study makes important contributions to building a comprehensive multi-exit social force
model and to applying it to actual scenarios, which produces data to facilitate decision making in contingency plans and

emergency treatment.
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1. Introduction

Emergency management is an important social issue
about people’s safety and wellbeing. The primary thing is to
evacuate the people involved efficiently when an emergency
occurs. Given the importance and complicacy of evacuation,
it is critical to complement existing theoretical and practical
approaches to ensure a smooth evacuation.

Most studies use modeling and programming to simu-
late pedestrians’ behavior when emergencies occur. Pedestrian
simulation models in the existing literature can be categorized
into two categories: discrete model and continuous model.
The majority of discrete models are based on cellular automata
models, with space and time discrete during the evacuation
while the continuous models simulate everyone’s position at
every second in succession. The fluid-dynamic model,!!=!
cost function model,*°! and social force modell’:*7] are cer-
tain examples of continuous models. The social force model
that considers the physical force of the environment and intro-
duces the socio-psychological force has been widely used by
researchers.

Lu et al.’® developed an extended floor field cellular
automaton model to test the influence of walking behaviors
of pedestrian groups on pedestrian flow dynamics in reality,
which needs five basic rules to support. You et al.’! gave a
calculation method of the probability of the pedestrian move-
ment by using a three-dimensional cellular automata evacu-

ation model with dynamic variation of the exit. Li et al.!']
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found that heterogeneous behavioral tendencies in humans,
that is, familiarity and aggressiveness, impacted the evacua-
tion time by an extended cellular automata model. Although
much research has advanced the simulation progress of pedes-
trians’ evaluation with discrete models, we find that a discrete
model must establish a series of rules to meet the discrete re-
quirement for time and space, which makes pedestrian behav-
ior simulations not as accurate as a continuous model since
it could simulate the behaviors of pedestrians more vividly.
Therefore, the social force model is preferred in this study.

With the development of research on pedestrian evacu-
ation, more and more researchers have improved the social
force model and applied it to practice. Li et al.!''l developed
a four-stage transfer model and noted that the congestion risk
was higher in transfer aisles than on escalators. Yang et al.!'?]
built a social force model involving the factor of guidance to
simulate the evacuation issues in the Beijing South Railway
Station and found that the guidance enhanced evacuation ef-
ficiency. Wang et al.!'3! introduced friendship attraction and
attractive forces of an exit into the initial social force model
and simulated the pedestrian flow in a station hall during the
Chinese spring festival. Jiang et al.!'* found the optimal de-
sign of architectural entities based on social force. Yang et
al.1"3) explored the pedestrian evacuation under fire in a sub-
way station on the foundation of the social force model, using
the software FDS + Evac.

In addition, lots of factors, which affect the evacuation
efficiency, have also been discussed in the existing literature.
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The attributes of exits, such as the height and the width, have
large impacts on the progress of an evacuation. Wei et al.!'6]
modified the static floor field model and conducted a regres-
sion analysis to explore the relationship between the reference
point and the exit width. Lin e al.l'” proposed a granular
dynamic model on the basis of the discrete element method,
to simulate the characteristics of crowd flow through an exit.
They also suggested exploring multi-exit evacuation in future
studies. However, multi-exit choice may be the most difficult
and complex aspect of an actual scenario. There are few stud-
ies discussing individual decisions regarding multiple exits,
particularly in terms of combining a continuous model with
a multi-exit model.["® In addition, not only physical factors
but also psychological factors exhibit large impacts on evac-
uation efficiency. Moussaid et al.!'”! analyzed the crowd dy-
namics by building an individual escape model and found that
social interactions among group members significantly influ-
enced crowd dynamics. Hu et al.!"®! proposed a novel three-
dimensional cellular automata model to simulate evacuation
from a lecture theatre and found that a larger group size re-
sulted in longer evacuation time. Though behavioral models
have been used to describe features of pedestrian flow in nor-

(I112,16,18,191 few studies analyze the

mal operation situations,
interaction among friends when an emergency occurs.

Based on evacuations under multi-exit scenarios in re-
ality, this paper aims to propose a comprehensive model by
combining the behavioral model with a multi-exit utility func-
tion. We develop a model based on the modified social force
model indicated in our previous work.!'3! In this paper, signif-
icant improvements include the following four aspects: (i) vi-
sual range and relative friend attractiveness of the correspond-
ing velocity are incorporated into the social force model; (ii)
a multi-exit choice mechanism is added into the advanced
model; (iii) the congestion effect and design of exits are taken
into account; (iv) the emergency case is discussed and the dif-
ference between different levels of panic is compared. By con-
sidering all these aspects, a series of computer simulation ex-
periments are conducted to further quantify the impact of these
factors on pedestrian evacuation.

In order to explore individual decision mechanisms under
multi-exit conditions and identify the factors that affect evacu-
ation efficiency, the comprehensive model and initial process-
ing of the simulation of evacuation in Wulin Square Subway
Station in Hangzhou are presented in the next section. Then
we program to modify the simulation of a pedestrian crowd in
the subway station waiting hall to determine how the pedes-
trian density, panic level and friend-group size affect evacua-
tion efficiency in both normal operation cases and emergency
cases in Section 3. Finally, we conclude the limitations and

future research avenues of our study in Section 4.

2. Methods

2.1. Modified social force model
2.1.1. Visual range

The initial social force model does not consider the ef-
fect of visual range on the psychological force. Something
within one’s visual range can easily draw one’s attention. In
terms of the pedestrians’ psychological characteristics, we de-
fine the visual range as the 90 degrees to the left and to the
right of pedestrian i’s moving direction where @;;(¢) in Fig. 1
is the angle between individual i’s moving direction e;;(¢) and
normal vector 7;;(¢) pointing from individual i to individual
j. Thus,

nij (1) €ij (1)

[y O Jlers O

If cos(¢ij(r)) > 0, we consider the psychological force of

cos ¢y (1)) = (M

pedestrian j on pedestrian i; otherwise, we ignore it.
In conclusion, we define

0, i (1) > 90°,
[cos(g,;(t))] = { cos(9,,(1)). |y (1)] < 90"

and modify the psychological force as follows:

ij —dij
rJB»j] nij[eos (@i (1))] @)

I.I;Sy =A;exp {
where A; is a positive constant representing the repulsive force
strength, B; is a distance factor measuring the role of distance
on the repulsive force, r;; is the sum of the radius of an area
covered by pedestrians i and j respectively, d;; denotes the
distance between the center of mass of pedestrian i and that
of pedestrian j, and n;; denotes the distance vector pointing

from pedestrian j to i.

e;j(t)

n5(t)

0,

Fig. 1. Visual range of pedestrian i.

2.1.2. Attraction and relative speed to companions

Although many studies have already considered interac-
tions among pedestrians, they have seldom considered relative
speed. Thus, we consider the relative speed and define the
following expression:

fu={ -+ 1 -ep | "0 Mm@

where ¢ donates the influence coefficient of relative velocity;
Av;i is the normal relative velocity of individual i to his friend
q as shown in Fig. 2; the parameter 7; is a negative constant
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reflecting attractive force from friend ¢ to pedestrian ; r;, de-
notes the sum of the radii of an area covered by pedestrian i
and his friend g respectively; d;; denotes the distance between
the centers of mass of i and that of g; F; is a distance factor
measuring the role of the distance on the attractive force from
the friend and mn;, denotes the distance vector pointing from ¢
to i.

Fig. 2. (color online) The clarification of normal (Ain) and tangential
(A'u;,») relative velocity.

2.1.3. Modified social force model

To consider the visual range, we modify the initial social
force model as follows:

h .
fij = fi.P;_SY ([)+f£lls (t)Jr if]pctlon (t)

rii— d
= rexp | P2 o (g1 )]+ ke )y
+Kg (rij — dij) AVt 4

l

where f;; is the integrated force between individual i and an-
push
ij

attempts of individual i to maintain a safe distance from pedes-

other pedestrian j; is the repulsive force describing the
trian j; fif;im"“ denotes the friction of physical interactions be-
tween individual i and pedestrian j; k donates the contact force
strength factor and x is the coefficient of friction; A'v;i is the
tangential relative velocity of individual i to pedestrian j; the
function g(x) is defined by

0, x<0,
g(x): x. x>0

that is, when there is no contact among pedestrians, the g(x)
equals 0, and %;; denotes the tangential vector pointing from
pedestrian j to i.

The interaction between individuals and walls or obsta-
cles is computed analogously using the psychological force,
repulsive force and friction force. The corresponding expres-
sion is as follows:

| A
Fow = S5 O+ 50 (@) + £555 1)

reo—d-
= A;exp [szzw:| Ny [COS ((piw (t))] +kg (riw - diw) Niw
i

+ K‘g(”iw - diw)(vi : tiw)tiw- (5)

The attraction of an exit, portraying pedestrian i’s intention to
move towards the exit K, is computed in the same manner as
the psychological force

ri—d,'

1

Jix = Ciexp [ k] i [cos (@i (1))], (6)
where C; is a negative constant representing the attractive force
strength from exits, D; is a distance factor measuring the role
of distance on the attractive force from exits, and n;;, denotes
the distance vector pointing from exit k to i.

Finally, the desired velocity is modified by adding a panic
parameter!!?!

v (1) = (1—=p)V) () € (t) + poy, )

where p represents pedestrians’ panic level and it ranges from
0 to 1,19 (¢) is the value of the desired velocity, e () donates
a unit vector along the moving direction of pedestrians and
U; donates the average velocity perceived from all the other
pedestrians around the individual i within an area, the radius
of which is 2-3 m.201 When p equals to 0, which means that
there exists no emergency, pedestrians are evacuated regularly
according to their own desired velocity. When p equals to
1, which means that there is full panic, pedestrians are more
scared and more easily affected by others, that is to say, the ve-
locity of a pedestrian totally depends on the velocity of other
pedestrians around him in cases of panic.

In conclusion, we extend the acceleration equation as fol-

lows:
dv; v2(1)ed (1) —vi(r)
mi—t = m——— = Y fy;
a E i@
+Y St Y Fu+ Y fiqgte, (®)
w k q

where 7; represents response time and € is a random error re-
ferring to the slight deviation from the average moving direc-
tion.

2.2. Evacuation decision under multiple exits

2.2.1. Design of an exit

Previous research indicated that the width of an exit in-
fluenced the attraction of the exit significantly, that is, a wider
exit would exert a greater attractive force on pedestrians. [>!]
In addition, the height of an exit is also a factor considered in
our study. Thus, we apply the dynamic floor field model to
compute the effect of the height and width of the exit

deUy = wypexp (kW) +wyexp (kwH) , 9)
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where deUy, denotes the utility of exit k’s design; wy,, denotes
the weight of the width effect; k,, is a sensitive degree coeffi-
cient indicating the pedestrian’s perception of the exit’s width;
and W is the width of the exit. In addition, wy;, denotes the
weight of the height effect, and wy,, +wy, = 1; kj, is a sen-
sitive degree coefficient indicating the pedestrian’s perception
of the exit’s height; and H is the height.

2.2.2. Congestion effect

Congestion occurs when people gather toward an exit.
The physiological features and behaviors of a congested crowd
affect the outcome of an evacuation apparently.??l The fol-
lowing advanced model proposed by Zainuddin and Shuaib is
used to describe the utility of the effect of the distance between
individual i and exit k:?]

diUik(l) = CXP[_lidiuk(t)Ei(t)}
’ Bi
|- (Z5) |steute). a0

Fmax (l )
The distance between individual i and exit £ can be di-

vided into two parts: the uncongested distance d;,; and the
congested distance r;, which is the radius of the semicircle
area. According to Eq. (10), /; is a positive constant mea-
suring the individuals® variances when they assess distance
factors; E;(t) donates the excitement factor of individual i
at time #; o; € [0, 1] measures the individuals’ maximum re-
pulsive effect; f8; donates a constant radius—repulsion relation
factor perceived by individual i; rpax 1s the maximum radius
among all congested areas at the exits; and 0 (@ (¢)) mea-
sures the perception of the individual i of the exit k regarding
his excitement. The parameters above are defined according
to Ref. [23]. Readers can refer to it for more details.

Under multi-exit circumstances, the exit choice depends
on the individual’s perception of congestion. If the preced-
ing exit is too crowded to escape, a pedestrian must change
his current direction. Helbing!?*! and Senevarante!?* noted
that a pedestrian would head for a new exit if the utility differ-
ence between the new exit and the current exit was larger than
the threshold. In this manner, the multi-exit choice function
D S hange i is as follows:

)L Ubest,i — Ucurr,i 2 8is
DS change.i = { 0, otherwise, an
0
4 i) DSchangei: 1,
e ,(t) :{ new,i ) (12)
cur €8urr7i, DSchange,i =0,

where g; denotes the threshold utility when individual {
changes his current exit, which is determined by the excite-
ment factor and the pedestrian’s mental characteristics; ecyrr,;
denotes the current exit in his direction; epeyw,; denotes the new
exit which he changes to; Uy, denotes the utility when he
chooses the current exit; Upes; denotes the maximum utility
among the available exits; and D S¢pange,; denotes the decision
function.

2.2.3. Evacuation decision under multiple exits

Combining the above functions, we can obtain the multi-
exit choice utility function as follows:

best_exit(¢) = index{max(U (1))}, (13)
Uik([):deUk(l—Ei(l))+diUik(t)Ei(l). (14)

The best_exit(r) represents the current optimal exit;
Ui (t) denotes the utility of exit & to individual i; deUy de-
notes exit k’s utility of design; diUy (f) denotes the utility of
the distance between individual i and exit k.

2.3. Multi-exit social force model

Finally, we create a modified model of the multi-exit so-
cial force model as the combination of Egs. (8), (13), and (14).
It shows as follows:
Social force model:
dv; 09(1)e (1) — vy (¢t
t Ti oy
J(#i)

+Y fuwt ) fat) figte (15)
w k q
Multi-exit choice model:

best_exit(¢) = index{max(Uy(t))}, (16)
Ui (t) = deUy (1 — E;(1)) + diUy(t) E (7). (17)

2.4. Initial processing of simulation study

This study chooses the passenger evacuation hall of the
Wulin Square Station, which is the largest subway station in
Hangzhou, China, as a basic research background. Given the
hall (Fig. 3) with the length of 77.6 m and the width of 17 m,
which also has two exits (B and E), we set that area as the
simulation area. In the initial condition, pedestrians were ran-
domly positioned in the waiting room before they were evacu-
ated through the two exits with the same probability. No mat-
ter what the condition is, the primary purpose of those pedes-
trians is to get out of this hall as soon as possible, especially
when emergencies occur.

0, 17)A wall B,(71.3, 17)Eim 52(776‘, 17)
(0, 17) }

F(21.8, 10.2) G(55.8, 10.2)

wall
(0, 0)01

wall

1(21.8, —10.2)
EscitlE
(0,-17ME, | TEy6.3, —17) wall

H(55.8, —10.2)

C(77.6, —17)

Fig. 3. Schematic diagram of the evacuation hall of Wulin Square Sub-
way Station in Hangzhou, China.
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According to the classical articles,®?*! we adjust certain
parameters, while it should be accepted that the calibration of
these parameters needs more future work because of the short-
age of experimental data. The key parameters of the present
model are exhibited in Table 1.

Table 1. Parameters of the modified social force model.

Parameter Value
radius of person/m [0.25, 0.35]
mass of persons/kg [50, 70]
repulsive force strength factor A;/N 200
distance effect factor of repulsive force B; 0.1
influence coefficient of relative velocity ¢ 0.5
attractive force from friend 7;/N -400
distance effect factor attractive force from friend F; 0.1
contact force strength factor k/kg-s—2 1.4 x 10*
coefficient of friction x/kg-m~!.s~! 1x10*
attractive force strength factor from exits C;/N -200
distance effect factor of attractive force from exits D; 0.5
initial desired velocity v?/m~s" 1.5
response time 7/s 0.5
random error € [0, 0.05v° /7]
weight of the width effect wy,, 0.8
weight of the height effect wyy, 0.2
distance effect constant [; 0.05
maximum repulsive effect o 1.5E;
radius-repulsion relation factor 8 1.5
excitement factor E; 0.6
threshold utility g; 0.2Ucurr.i

3. Results and discussion

Pedestrian flow simulations in the waiting room of the
station hall were conducted under two different situations: the
situation under normal operations, and the situation under an
emergency (or congestion). Under normal operations, we con-
sidered the impacts of the pedestrian density and the friend-
group size. When emergencies occurred, we took the friend-
group size and different levels of panic into account.

There also exist two states no matter under what the op-
eration case: typical state and holiday state. In the typical
state, the number of passengers is rather different from that
in the holiday state. We regarded less than 400 people in the
hall (typical state) as low pedestrian density, while more than
600 people (holiday state) as high. We defined a high friend-
group density for holiday states (the proportion of pedestrians
in groups to total pedestrians was as high as 80%) but a low
friend-group density for the typical state (the proportion was
only 20%). Besides, according to Moussaid’s study, people al-
ways gathered 2 to 4 people in a small group when they hung
out,!!! therefore, we set the size of friend-group ranging from
2to4.

3.1. Case I: Simulation of normal operations

In the typical state of normal operation situation, there are
approximately 400 pedestrians in the waiting room. Thus, the

total pedestrian flow is set to 400 with a regular speed of 1.5
m/s. No matter on workdays or in the holidays, parts of pedes-
trians hang out in groups. In this way, the pedestrians were
partitioned into two parts: one part represents friend-group
(green ones in Fig. 4) while the other part stands for single
pedestrian (blue ones in Fig. 4). Specifically, the number of
companions in one group represents the friend-group size. For
example, two green ones form a small group which means that
the friend-group size is 2. The simulation of a single trial in
different time steps is shown in Fig. 4

Exit B

(a) step

Exit E Exit E
Exit B Exit B
(c) step = 20»\;3_'5,&?‘g ; (d) step =350 I\~’J
, g s .
e B Faiy
_:‘\2".' il 59 -&‘.'tf;oh-
Exit E Exit E

Fig. 4. (color online) Case I: evacuation processes of a single trial at
different time steps: (a) step =0, (b) step = 150, (c) step =200, and (d)
step =350. The initial number of pedestrians in the waiting hall is 400.

400 — — — evacuated from Exit B
------ evacuated from Exit E
-8 total evacuated number
T 300F
=
Q
®
> td
o s
< 200} -~
e
5
E
= 100
Z
0 . ! ! !
0 200 400 600 800
Steps

Fig. 5. Number of pedestrians evacuated through different exits in one
trial.

The self-organization phenomena can be clearly observed
in the simulation process. As shown in Figs. 4(a) and 4(b),
once the pedestrians surge, they flood to two exits sponta-
neously in two streams, thus forming a phenomenon called the
automatic channelized phenomenon.[%3] However, the pedes-
trians in the red circle change their route (from Exit B to Exit
E, as shown in Figs. 4(b) and 4(c)) after evaluating the utility
of the two exits. In addition, figure 5 reveals that the num-
ber of people evacuated from Exits B and E are similar at the
early stage of the overall process; but the number of people
evacuated from Exit E is larger than that from Exit B at the
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end. This result also reflects the pedestrians’ evacuation deci-
sions are based on utility. Furthermore, in Fig. 4(d), the “arch”
effect is created when pedestrians rush to Exit B.

The phenomena that arose in the simulation process (e.g.,
self-organization phenomena and “arch” effect) were in line
with those in the classical articles,[®23] which proved that the
modified model regarding these adjusted parameters is effec-

tive to some degree.

3.1.1. Simulation with different pedestrian flows

Evacuation efficiency is highly related to the pedestrian
density (the number of passengers). The desired velocity will
increase if pedestrian density is low.[!%2] We simulated the
evacuation process with passenger numbers varying from 100
to 1000, set the normal speed to 1.5 m/s in each condition, per-
formed each condition more than 50 repetitions, and obtained
the additional average evacuation time (see Table 2).

Table 2. Case I: evacuation time with different numbers of evacuated people.

Low pedestrian density

High pedestrian density

Passenger number/people 100 200 300 400 500 600 700 800 900 1000
Evacuated time/step 786.3 768.38 780.7 82272  868.08 931.36 996.7 1059.6 1097.62 1167.42
Additional time/(step/100 people) ~ 786.3 -17.92 1232 42.02 45.36 63.28  65.34 62.9 38.02 69.8

The results in Fig. 6 indicate that the pedestrian density
impacts the total number of people evacuated. When in the
same time steps, less people are left in the hall in low pedes-
trian density. There is no difference in evacuation time for
the number of pedestrians varying from 100 to 300, but with
the number of pedestrians increasing from 400 to 1000, the
evacuation time increases sharply (see Table 2 and Fig. 7).
Besides, the evacuation time for every 100 pedestrians first
decreases and then increases as the total number of pedestri-
ans increases in the condition of low pedestrian density (typ-
ical state), reaching a minimum when the total number is ap-
proximately 200. Meanwhile, in the condition of high pedes-
trian density (holiday state), the evacuation time for every 100
pedestrians also first decreases and then increases as the total
number of pedestrians increases, reaching a minimum when
the total number is approximately 900. In a word, as for
evacuating every additional 100 people, the most efficiency
pedestrian density is approximately 200 in low pedestrian den-
sity (typical state) and 900 in high pedestrian density (holiday
state).

There is sufficient space for individuals to keep a certain
distance from each other when the pedestrian density is low
(or in the typical state: less than 400 people in the hall). With
weak interaction among each other, > an individual’s behav-
ior mainly depends on the individual himself. Thus, fewer
constraints lead to lower efficiency. When pedestrian density
increases,[?®! the interaction force increases synchronously,
but the mechanisms become increasingly complex, which may
result in an un-organizational phenomenon or chaotic flow.
When the pedestrian density reaches to high (or holiday state:
more than 600 people in the hall), first the increasing interac-

tion improves evacuation efficiency at the early stage while the

efficiency decreases and then reaches a second optimal point in
high pedestrian density when the number of pedestrians evac-
uated is 900. Therefore, we found the different thresholds of
pedestrian density in typical state and holiday state respec-

tively, which was of importance to emergency management.

Exit B

(al) step=0, P, =800,

1oy

Pou =0 i

Exit E Exit E

Exit B

Exit B
(a3) step =400, Py = 60&%r (ad) step = 600, Py, =371, 3¢ |
Py =197 - Pouy =429 &

Exit E Exit E
Exit B
(bl) step =0, P, =300, (b2) step =200, .
I8 =0, e XE P, =299, .
Pu=1 ol e
Exit E

Exit B Exit B

(b3) step =400, Py =149, ° (b4) step =600, Py, =44,

Py =151 _ Pout = 256
i ..4‘:'".
Exit E Exit E

Fig. 6. (color online) Case I: different evacuation processes of a sin-
gle trial with different pedestrian densities: (al)—(a4) high pedestrian
density where the initial number of pedestrian is 800 and (b1)—(b4) low
pedestrian density where the initial number of pedestrian is 300 at dif-
ferent time steps: (al) and (bl) step =0, (a2) and (b2) step =200, (a3)
and (b3) step =400, and (a4) and (b4) step =600. Here, P, donates
the number of pedestrians left in the waiting hall and Py, donates the
number of pedestrians who have escaped from the waiting hall at the
specific time step.
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1300 . T T T T T . . —
* (a) one trial of simulation :

1100

Evacuation time/steps

L

L L

500 -

400 600 800 1000

Pedestrian number

(b) additional time/(step/100 people)

69.8
63.28 65:34 62 9
142 02 4536
32.08
12.32
~17.92 T
210 400 600 800 1000

Fig. 7. (color online) Case I: evacuation time of fifty trials with different
pedestrian densities. (a) Each dot represents one trial. Once there was an
additional 100 pedestrians, 50 trials would be simulated in each condition.
(b) The additional time to evacuate the first 100 pedestrians was 0. The other
lines represent the additional average evacuation time for an additional 100
pedestrians compared with that in the previous stage. 200 pedestrians and
900 pedestrians in panel (b) represent the most efficient evacuation time in
low and high pedestrian density respectively.

3.1.2. Simulation with different friend-group sizes

The simulation results in the “low friend-group density”
(or the typical state) and the “high friend-group density” (or
the holiday state) are shown in Table 3 and Fig. 8. The evacu-
ation efficiency in high friend-group density is lower than that
in low friend-group density. For example, there are 370 people
who have escaped in high friend-group density but 401 in low
friend-group density at the time step of 600 (Fig. 8).

Table 3. Average evacuation steps in all conditions of different friend-
group sizes.

Tfriend4 Tfriend3 TfriendZ TfriendO
Low friend-group density =~ 927.15  908.50 896.40 880.54
High friend-group density 107494 977.04 922.16 882.94

On one hand, a 4 (friend-group size: single, two, three
and four) x2 (friend-group density: high and low) between
subject ANOVA analysis reveals significant main effects on
both friend-group size (F = 154.256; p < 0.001) and friend-
group density (F = 218.501; p < 0.001). The interaction ef-
fect of friend-group size and friend-group density is significant
(F =59.781; p < 0.001) as well.

On the other hand, it is interesting to find that in the low
friend-group density level there is no significant difference be-

tween group size 3 and group size 2 (p = 0.378), but all dif-
ferent friend-group sizes are significantly different from each
other in high friend-group density level.
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Fig. 8. (color online) Case I: different evacuation processes of one trial
with different friend-group densities: (al)—(a4) low friend-group den-
sity where the proportion of pedestrians in groups to total pedestrians is
only 20% and (b1)—(b4) high friend-group density where the proportion
of that is as high as 80% at different time steps: (al) and (bl) step =0,
(a2) and (b2) step =200, (a3) and (b3) step =400, and (a4) and (b4)
step = 600. The initial number of pedestrians in the waiting hall is 600
in each situation. Here, P;, donates the number of pedestrians left in the
waiting hall and P,y donates the number of pedestrians escaped from
the waiting hall at the specific time step.
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Fig. 9. Case I: average evacuation time of all simulations trials with
different friend-group densities (high friend-group density where the
proportion of pedestrians in groups to total pedestrians is as high as
80% and low friend-group density where the proportion of that is only
20%) and different group sizes (single, two, three and four). The initial
number of pedestrians in the waiting hall is 600 in each trial.

What we can observe from Fig. 9 is that a bigger friend-
group size leads to a longer evacuation time, and the more
people gather together to walk out, the more time it spends to
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escape out. Companions in a group always behave in a simi-
lar manner, > and they prefer to take care of each other and
tend to keep pace with each other at the same velocity; thus,
the in-group individual velocity will decrease with the group
size increasing.!'”! Meanwhile, a small group of companions
may form and become an obstacle to other out-group pedestri-
ans. Thus, both the overall velocity and evacuation efficiency
decrease.?”]

3.2. Case II: Simulation in the case of emergency

Once an emergency occurs, the waiting hall will be filled
with panic and people will push each other and run towards
the exits in order to escape from the waiting hall, thus leading
to congestion and impacting the desired velocity of pedestri-
ans. We suppose that the parameter of a low panic level is 0.3
while 0.7 represents a high panic level. Meanwhile, we set the
situation as in the holiday state where the pedestrian density
is 600 and the friend-group density is high (the proportion of
pedestrians in groups to total pedestrians is 80%). Then we
simulate each condition 50 times.

3.2.1. Simulation with different levels of panic

In this case, we set the size of friend-group to be integers
ranging from 2 to 4, the desire velocity 3 m/s, and then discuss
the variation in evacuation efficiency with the increase of the
panic parameter [0, 0.9] (see Fig. 10).
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Fig. 10. (color online) Case II: evacuation processes of a single trial with
different panic parameters: (al)—(a4) low panic level (0.3), (b1)—(b4) high
panic level (0.7) at different time steps: (al) and (bl) step =0, (a2) and (b2)
step =200, (a3) and (b3) step = 400, and (a4) and (b4) step = 600. The initial
number of pedestrians in the waiting hall is 600 in each trial. Here, P, donates
the number of pedestrians left in the waiting hall and Py, donates the number
of pedestrians who escaped from the waiting hall at the specific time step.

The simulation results in the “low panic” and the “high
panic” are shown in Fig. 10. The evacuation efficiency with
high panic parameters is lower than that with low panic param-
eters. For example, there are only 165 people who evacuated
from the waiting hall in high panic but 551 in low panic at the
time step of 600, regardless of the effects of the friend-group
density (see Fig. 10).

The evacuation time, similar to a U-shaped curve, first
decreases and then increases with an increasing panic param-
eter (see Fig. 11). The results of the regression analysis yield
the following function: 7 = 3379.19P% — 1582.59P +462.07
(F = 95.8445, P < 0.0001), where T is the evacuation time
and P is the panic parameter. The overall evacuation time (ef-
ficiency) reaches its lowest (highest) level when P is approxi-
mately 0.23.

evacuation time By
3000r fitting curve _;‘\
o .
£ 2500 %
2
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3
= 1500
Q
>
s 1000
500
0 0.2 0.4 0.6 0.8

Panic level

Fig. 11. (color online) Case II: evacuation time curve with different
panic parameters (fifty trials in each condition).

Figure 11 shows the accumulative evacuation time with
different panic levels. Evacuation efficiency improves when
the panic starts to spread; however, it greatly decreases when
the panic diffuses throughout the pedestrians. Finally, con-
gestion may occur, and “fast is slow”.!?°! The results indicate
that the panic parameter should be managed within a reason-
able range to improve the pedestrian evacuation efficiency and
avoid stampedes and casualties.

3.2.2. Simulation with different friend-group sizes

As for different friend-group sizes when there is an emer-
gency in the holiday state, the different panic level (high and
low) is manipulated. In each condition, we set different friend-
group sizes (single, two, three, and four) and controlled the
density of friend-group in the high level.

A 4 (friend group size: single, two, three and four) x3
(panic level: low, high and no) between-subject analysis of
variance (ANOVA) test was conducted to analyze the evacu-
ation time. The ANOVA analysis for evacuation time shows
that both friend-group size and panic level have significant
main effects (F > 100, P = 0.000, and F > 100, P = 0.000, re-
spectively). Meanwhile, the friend-group size has a significant
interaction with the panic level (F = 62.821, p < 0.001).

Figure 12 shows that the evacuation time varies at dif-
ferent panic levels. The efficiency with a low panic level is

118901-8



Chin. Phys. B Vol. 25, No. 11 (2016) 118901

significantly higher than that with a high panic and also higher
than that with no panic. Table 4 presents the average evac-
uation time for each condition. Whatever the panic level is,
the friend group size exerts a significant negative effect on the
evacuation efficiency. Moussaid!'”! found that a larger group
size caused the friend-group to walk slower in normal con-
ditions. Our study finds that under panic, no matter which
level it is, the average evacuation time varies with friend-group
sizes (Fig. 12). Moreover, the effect is larger with high panic.
Pedestrians are more aimless and anxious and can be more
easily affected by people around them in high panic than in
low panic.[%! The herd behavior will be more significant under
a higher panic level.
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)
2
<
€ 1000
>
[}
&
s 5001
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>
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Panic level

no(0)

Fig. 12. Case II: average evacuation time of all simulation trials with
different panic parameters: high panic (0.7), low panic (0.3), and no
panic (0) and different friend-group sizes: single, two, three, and four.
The initial number of pedestrians in the waiting hall is 600 in each trial.

Table 4. Average evacuation time: 600 passengers with different panic
parameters and group sizes .

High panic Low panic No panic
Ttriendo 1697.58 688.46 880.54
Tiviend2 1823.44 710.88 922.16
Titiend3 2009.46 741.18 977.04
Tiriend4 2191.68 797.96 1074.94

Finally, we draw four conclusions based on the above re-
sults. First, we found the evacuation thresholds in different
operation states. Pedestrians with a high density require more
time to escape, but the evacuation efficiency fluctuates with the
density increasing, reaching the highest level when the pedes-
trian number is approximately 200 in low pedestrian density
(in typical state) and 900 in high density (in the holidays) un-
der normal operation cases. Second, the evacuation efficiency
in the holidays is lower than that in the typical state. In addi-
tion, the friend-group size has a positive impact on the evac-
uation time apparently, that is, a larger size results in longer
evacuation time. However, there is no significant difference
between sizes of 2 and 3 in the typical state. Third, the panic
parameters significantly influence the evacuation efficiency.

As the panic parameter increases, the evacuation time first de-
creases and then increases, thus presenting a U-shaped curve.
0.23 is the most efficient panic level to evacuate pedestrians.
In addition, if the panic level is overly high, it will lead to con-
gestion, which also influences the evacuation time inversely.
Finally, a larger friend-group size leads to lower evacuation
efficiency no matter what the level of panic is in the holidays
under emergency cases. The evacuation efficiency is the high-
est in the low panic level, which also confirms the third con-
clusion. Therefore, smaller friend-groups would be preferred
in an evacuation process. In addition, the evacuation efficiency
in a high panic condition reduces faster than that in a low panic
condition with friend-group size increasing.

4. Conclusion

This study makes two main contributions. First, the study
represents an advancement of researches on the social force
model and multi-exit choice model. We further develop the
social force model and combine it with a utility function to
implement evacuation decisions, which is of importance in ex-
tending previous works. The modifications include not only
the visual range and the relative friend attractiveness but also
the congestion effect and design of multi-exit. These factors
make the advanced model valid by describing the main obser-
vations of pedestrian dynamics in both normal operation cases
and the emergency cases. Second, simulations are conducted
in different situations of the actual subway station, which pro-
vides a safety threshold of pedestrian density and panic levels
in the waiting hall. The model could be extended to other sce-
narios to find different thresholds for each scenario, which is
critical to emergency management. The results regarding the
relationship among evacuation time, pedestrian density, panic
level and friend-group size are also useful for decision making
with regard to contingency plans and emergency treatments.

This paper indeed has some limitations. First, our re-
search focuses only on the waiting room in the subway station
hall, ignoring the ticket checking machines and other equip-
ment, which may be obstacles to evacuation. Second, we just
assume that everyone could bear the external forces from out-
side and that no one falls down when the force surpasses his
tolerance or no confliction occurs during the evacuation. How-
ever, if confliction occurs, people who get hurt will become
obstacles. Thus, we will consider these factors and the effect
of obstacles and the confliction on evacuation time in our fu-
ture research. Third, many researchers have considered the
calibration part recently while the calibration is not discussed
in our current work. Zeng et al. 8! accomplished a more accu-
rate calibration based on the observed dataset or the maximum
likelihood estimation, which offers us useful information to
make the results much more precise in further study.
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