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Abstract: Gate machines, such as ticket gates in stations and secure gates in office buildings, are very
common in people’s daily lives. On the one hand, the passage between the gates is not wide enough
for pedestrians to pass through, which may affect the traffic efficiency of the crowd; on the other
hand, the gates make pedestrians move more orderly and smooth and may speed up evacuation.
Whether the gates benefit or hinder the movement and evacuation of a crowd is not clear for now.
This paper studies the effects of gate machines on crowd traffic based on simulations using the
modified social force model. Three simulation scenarios are considered, including the absence of
any gate machines, the presence of gate machines without invisible walls, and the presence of gate
machines with invisible walls. Normal and evacuation situations are distinguished by whether or
not a pedestrian pauses for a while in front of the gates. The influences of factors such as the number
of passages, exit width, and the number of pedestrians on crowd traffic are analyzed. Simulation
results show that for different exit widths, there is a corresponding optimal number of passages to
make the evacuation efficiency of the crowd the highest. The conclusions of this paper can provide
some suggestions for the setting of the gate machines and the development of evacuation strategies.

Keywords: gate machine; social force model; passage number; evacuation; crowd traffic
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1. Introduction

With the development of society and the acceleration of urbanization, some modern
facilities are becoming more and more common in people’s lives and gate machines are one
example. Gate machines or turnstiles are often used to allow one person to pass at a time.
They can also be used to enforce the one-way traffic of pedestrians, and restrict passage
only to people who swipe a card, insert a ticket, or similar. Therefore, gate machines are
constructed at places that require payment or authorized access, such as stations, lobbies of
office buildings, and halls of student dormitory buildings.

Since the passages between gate machines are narrow, the dynamics of pedestrians
passing through gate machines are different from those of normal passages such as corridors.
For this, Fuji and Sano carried out experiments to identify the characteristics of a crowd
flow passing through ticket gates of a railway station in Japan [1]. They elucidated the
flow rate through gate machines and derived numerical values to calculate the time for
evacuation planning. Li et al. performed a series of single-file movement experiments
under controlled laboratory conditions to analyze the motion characteristics of pedestrians
in narrow channels [2]. Kim et al. calculated the outflow coefficients at turnstiles, which
are essential in egress evaluation, at the three most crowed subway stations in Korea [3].
Rebecca et al. investigated the impact of ticket machines on evacuation procedures [4].
Kretz et al. conducted experiments to find the dependence of total times, fluxes, specific
fluxes, and time gaps on the width of a narrow gate [5]. A linear decline of the specific
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flux with increasing width as long as only one pedestrian at a time can pass was found.
Differences between small and wide gates were also found in the distribution of time
gaps. Gayathri et al. analyzed the characteristics of stop-and-go waves in one-dimensional
interrupted pedestrian flow through narrow channels using trajectory data [6].

The narrow passages not only affect people’s normal movement, but also may cause
accidents in the case of congestion and pose difficulties for evacuation [1]. Several stud-
ies have pointed out that ticket gate machines are the bottleneck of evacuation during
emergencies in subway stations [7-9]. It is easy to form long queues and cause serious
congestion around the ticket gate machines. Therefore, evacuee velocity would be reduced
and the evacuation time would be increased. To improve the evacuation efficiency, Hu et al.
thought it was necessary to use two-way mode ticket gate machines in subway stations [10].
Wang et al. used queuing theory to establish a matching model between the number of
ticket gates and passenger flow, and estimated the optimal number of ticket gates [11].
They only consider the normal use of the gates, not the emergency evacuation situation in
which the gates may be opened and let pedestrians go through directly.

Bottlenecks are of fundamental importance in the estimation of evacuation times [5].
In recent years, not only the gate bottleneck, but also the pedestrian flow in other more
general bottleneck areas has attracted increasing interest [12-18]. The research contents
mainly focus on how bottlenecks affect crowd movement and evacuation, such as the
relationship between pedestrian flow and bottleneck width, clogging transition of crowd
flowing through bottlenecks, etc.

However, some scholars have also discovered that the ticket gate machines have little
influence on pedestrian evacuation and may not be the bottleneck in subway stations [19].
One possible reason is that the ticket gate machines play a role in dispersion and make the
evacuation more orderly and smooth. This is similar to the fact that placing an obstacle in
front of a gate has a beneficial effect in evacuation [20-23]. The presence of the obstacle can
improve the crowd flow rate due to the prevention of clogging by “absorbing” pressure [24].

Previous studies have shown that the width of exits or narrow passages, the layout of
multi-exit paths, and the configuration of the exits have a great impact on evacuation [19,25,26].
The gate machines can also be regarded as special exits, but there are few studies on their
impact on crowd evacuation, and there is no consensus conclusion. This paper aims to study
the effects of gate machines on crowd movement and evacuation based on simulations
using the social force model [27-29]. After calibration, the research results of this paper can
provide guidance and suggestions for escape drills, gate machine design, and evacuation
strategy formulation. The rest of the paper is organized into the following sections. Section 2
introduces some modifications to the original social force model to describe the behaviors of
pedestrians passing through gate machines. In Section 3, simulation experiments are carried
out to study the effects of gate machines on the evacuation of crowd. The conclusions and
future work are given in Section 4.

2. Models and Methods
2.1. Basic Model of Pedestrian Movement: The Original Social Force Model

Generally speaking, there are numerous pedestrian simulation models proposed
by scholars, such as cellular automata model, fluid dynamic model, social force model,
and so on [30-35]. However, here we use the classical social force model proposed by Dirk
Helbing et al. [27,28] to describe the movement of pedestrians. This model is built based on
the classic Newtonian laws of mechanics. Specifically, the resultant force each pedestrian
receives consists of its own driving force, the force between pedestrians, and the repulsive
force between pedestrians and obstacles. The acceleration of pedestrian i is given by the
following equation:
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where the mass of each pedestrian i is m;; the velocity v; is determined by position change

v;=dr;/dt; ) and ?? are the desired speed and desired walking direction of pedestrian i,
respectively. These two in combination with the difference between the actual velocity of
the pedestrian and over a fixed time interval 7; can obtain the acceleration of the pedestrian
at time ¢ so as to know the driving force of the pedestrian. The last two term of the above
equation separately refer to the interaction force between pedestrians and the repulsive
force between pedestrian i and surrounding obstacles.

The interaction force between pedestrians is expressed as

fij = Aiexp(rig — dig) / Bl + kg (rig — dig) g + g (rij — dig) Avl @)

where A;, B, k, and « are constant parameters; r;; = r; + r; indicates the sum of the radii
between pedestrian i and pedestrian j, and d;; = ||r; — r;|| means the distance between these

two pedestrians; ﬁ,-]- =(ri—r j)/ dij represents the unit vector pointing from pedestrian j

to pedestrian i; t;; is the direction perpendicular to ﬁij, and Av!

j i?i]' denotes the tangential

velocity difference.

The first term of Equation (2) is the psychological force and indicates the tendency
of pedestrian i to stay away from others. The second term means that pedestrian i and
j will squeeze each other when they are in physical contact [36,37], and the third term is
the friction generated by their physical contacting. Obviously, when r;; is smaller than
djj, there is no touching between pedestrians and the corresponding value of function g is
0; when rij is bigger than di]-, extrusion force and friction force between pedestrians will
be generated, and the value of g(x) is assumed to be equal to the argument x. The force
between pedestrians and obstacles is modeled analogously as

in = [Ajexp(x;/B;) + kg(x;)]nio + xg(x;) (51' : ?io) tio 3)

where x; = r; —djp and the meaning of each part of this formula is similar to that in
Equation (2). For more details about this model, we refer to the references [27,28].

2.2. Modification of the Social Force Model

In view of the problem of simulating crowd behaviors at gate machines, the original
social force model cannot meet the simulation conditions. According to the actual situation,
we revise the social force model from the following aspects.

(1) Desired walking direction

(A) Tactical level

Generally, pedestrians will choose a path that they consider as comfortable as possible
to move toward their destination, which is usually a trajectory without detours [27]. Some
scholars believe that pedestrians walk along the shortest path [38], while others conclude
that pedestrians move along the fastest path [39]. Based on the above, we consider two
cases here, as shown in Figure 1.

In case I, pedestrians thought they could get out faster if they could get closer to
the gate machines. They will eventually form an arch in front of the gates. In case II,
pedestrians choose to move along the most direct (shortest) path to the gate machine.
Relatively speaking, this is a more orderly and polite way of walking. For example, in the
first case, pedestrian 1 will cut in from the side to compete with pedestrian 2 for going
out. In the latter case, we assume that pedestrians only move in area A, just like there is
an invisible wall between area A and area B, and between area A and area C, respectively.

Therefore, we added the force of the invisible wall f;;,; to the model to reflect this setting.
The expression of this force is similar to that of the obstacle force in Equation (3). In practice,
some places force pedestrians to walk in area A through measures such as setting up
a fence.



Mathematics 2023, 11, 780 40f12

~~< _ invisible wall

MACHINE ~ MACHINE
get closer GATE walk less ~—_ GATE

CASE | CASE Il

Figure 1. Two cases of pedestrian movement.

Remark 1. We also added an invisible wall in case I to indicate that pedestrians will wait in front
of the gate machines instead of the sides of edge gate machines.

(B) Operational level

We assumed that a pedestrian chooses which passage to pass through based on their
distance to the passage, as shown in Figure 2. Specifically, the closer the pedestrian is to a
passage, the greater the probability that the passage will be used for traffic. For pedestrian
i, the probability of choosing passage j is

1
Pij = ki x — 4)

Oij

where k; = 1 / 2]'-”:1 P%] and p;; is the vertical component of d;;. We also assume that

pedestrians choose the passage from the beginning and once it is decided, it will not change.

p im

% DISTANCE

im

piZ
Pa

PEDESTRIAN i GATE MACHINE

Figure 2. A pedestrian chooses which passage to pass through based on his distance to the passage.

(2) Pause before the gate machine
Since gate machines usually restrict passage only to people who swipe a card, or insert
a coin, a ticket, or similar, we set a pause for pedestrians in front of the gate machines.
The pause time is assumed to be a random variable.
(3) The movement between two gate machines
We assume that the pedestrian is no longer affected by social forces between two gate
machines (in the passage), but instead moves forward at a constant speed 0¥, which is the
desired speed of a pedestrian. That is
ar;

01 T
=7 v (L0] ©)
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The modification of the model has been described above with the example of pedestri-
ans going out through the gate machines. The situation of pedestrians coming in through
the gate machines is similar and will not be explained here in detail.

3. Simulation Results and Discussion
3.1. Simulation Scenario
3.1.1. Scenario Setup

We consider the following simulation scenarios. Suppose that the pedestrians’ move-
ment area is a rectangle with a length (L; 4+ L, + L3) of 26 m and a width (L4) of 15 m,
as shown in Figure 3. The whole area is divided into three parts: part 1 is the indoor
area with length L1 = 11 m, part 2 is the middle area between the gate machines and
the exit, and part 3 is the outdoor area. Two situations will be considered, one is that
the crowd walks from the indoor area to the outdoor area, and the other is the opposite.
In both situations, the crowd has to go through the exit and the gates. The gate machines
are in the middle of wall 1 and the length Dy and width D, of a gate machine are 1.4 m
and 0.1 m, respectively. The width of the passage between two gate machines D is 0.6 m.
The number of passages varies from 3 to 8. The exit is in the middle of wall 2, and is 2 m
wide. The dotted lines in Figure 3 are the invisible walls mentioned in Section 2.2.

- L1 L2 > L3 > - L1 e L2 > L3 g

L4

L4

Gate

machines 3

Exit

Wall 1

Wall 2

Figure 3. The simulation scenario. L = 0.2 m. (Left): The situation where pedestrians exit the gates.
(Right): The situation where pedestrians come in from the gates.

3.1.2. Simulation Parameters

The parameters of the social force model are shown in Table 1. Other unmentioned
parameters will be given in the simulation results below.

Table 1. Parameters in the simulation.

Symbol Meaning Value
r The radius of a pedestrian 0.25m
m The mass of a pedestrian 80 kg
A Strength of social repulsive force 200 N
B Characteristic distance of social repulsive force 0.2m
k Coefficient of body compression 12,000 kgs 2
K Coefficient of sliding friction 24,000 kgm 157!
T Pedestrian reaction time 05s
N The number of pedestrians 100
Y Desired velocity 1.5ms™!

3.2. Results and Discussion
3.2.1. The Effect of Passage Numbers

In this section, the effects of passage numbers on the evacuation time of a crowd
going from the indoor area to outdoor area will be discussed. We compared the evacuation
time in three cases, that is, without any gate machines, with gate machines with invisible
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walls, and with gate machines without invisible walls. At the beginning of the simulations,
pedestrians appeared randomly from the far left of the area, and a passage was selected to
pass though and move to the right according to the method determined in Section 2.2. We
assume that the pedestrians can go through the gate machines directly without pausing.
Ten simulations were performed in each case. The results of each time and the average
value of each case are shown in Figure 4. Passage number 0 corresponds to the case when
there is no gate machines.

180 T T T T T
+ X without gate machines
170 + ¥ with invisible walls )
i +  without invisible walls
160 - ¥ ®  average value without gate machines | -
> , \ ® average value with invisible walls
= L S+ ®  average value without invisible walls | |
© 150 \
£ / \
= / \
st/ \ A
S180F , / NN 1
i ’,7 N +
', Moo
120%/, \\ + o
\ \\\\ - —”— ////
110 g - T 9
100 1 1 1 1 1
0 3 4 5 6 7 8

Passage number

Figure 4. Change of evacuation time with the number of passages in different situations.

From Figure 4 we obtain the following conclusions. (1) If the number of passages
is small, such as three under the simulation conditions above, the evacuation time of
the crowd will be increased. (2) As the number of passages increases, the evacuation
time decreases, but this does not necessarily mean that the more the number of passages,
the better. (3) Evacuation times are shorter with invisible walls than without invisible walls.

The gates are the bottleneck area during the evacuation of a crowd. When the number
of passages is small, the crowd will form a fan or arch congestion in front of the gates,
as shown in Figure 5, thereby reducing the evacuation efficiency. On the other hand,
the existence of gates also helps to generate order, that is, pedestrians will line up after
passing through the gates, so the evacuation time can be reduced when the number of
passages is appropriate. When the number of passages is too large, such as eight, due to
limited exit capacity, crowds will form chaos after a short queue and congestion at the
exit as shown in Figure 6, and the evacuation time will increase slightly. As mentioned
above, the invisible wall helps prevent pedestrians scramble for gates and therefore reduces
evacuation time.

We also compared the forces on the pedestrians with and without the gates. The values
in the y-axis are the sums of the pedestrian forces acting on each pedestrian at every iteration
step. For the situation with gates, we chose the scenario where there are five passages
without invisible walls. The comparison results are shown in Figure 7. From Figure 7, we
can see that the gates can also reduce the force between pedestrians, so we assume that
the existence of gates makes crowd movement safer and helps prevent overcrowding and
trampling to a certain extent.
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Figure 5. The snapshots of the evacuation process with the passage number being 3. The circles in
the figure represent the pedestrians. (Left): With invisible walls. (Right): Without invisible walls.

Figure 6. The snapshot of the evacuation process with the passage number being 8. Congestion forms

at the exit.
4
14 x 10 . . .
X 5X X Gate-0
+ g
12k ><>< Gate-5| |
X
X
X
10 [ 1
;|<_ X
+ F
++ X
— 8 L +>< -
< o
I} + + X
g + + X
L 6t N X + X5 J
+ T X
al . X ++++4++>< ]
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2F QXY +4x _
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O 1 1 1
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Iteration number

Figure 7. Changes in the resultant force of pedestrians between pedestrians in different situations
over time.
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3.2.2. The Effect of Exit Width

In the previous section we pointed out that there is an optimal value for the number of
passages. In this section, we study the effect of the width of the exit on this optimal value.
We consider the case without invisible walls and without pause. In the simulations, let the
exit width be 2 m, 2.25 m, 2.5 m, and 3 m. The change of crowd evacuation time with the
number of passages under different conditions is shown in Figure 8. It can be seen from
the figure that different exit widths correspond to different optimal numbers of passages.
For example, when the exit width is set to 2 m, the evacuation time of the five passages is
the shortest. When the exit width increased to 2.25 m and 2.5 m, the evacuation time was
the smallest when the number of passages was 6 and 7, respectively. When the exit width
increases, the crowd at the exit is more orderly or less congested (see Figure 9 and compare
with Figure 6), so the evacuation time decreases. Moreover, when the exit width is large
enough, such as 3 m, the more passages the better (at least up to eight passages). Under the
current conditions, we find the following relationship

Nopt = 4W —3 (6)

where Nyt is the optimal number of passages and W is the width of the exit. This is at least
true for W =2, 2.25, and 2.5 m. Whether this is true or approximately true for other widths
of the exit will be discussed in the future work.

180 T T T T
x X 2 meters
+  2.25 meters
160 F %  2.5meters |
/8 w3 meters
—_ / AN\
w /1% \\
] i N
£ 140 [ Iox N\ 7
= 7l \
s i AN
= Y \\
S r N\ X
B 120%/ 1/ \ ¥ o
g ‘1 Sl "
it} 1y T
1

Passage number

Figure 8. Changes in crowd evacuation time with the number of passages under different exit
width conditions.

Figure 9. Snapshots of the evacuation process when the exit width is 3 m. (Left): The passage number
is 5. (Right): The passage number is 8.
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3.2.3. The Effect of Pedestrian Number

In this section, we change the number of pedestrians from 100 to 500 and compare the
evacuation times under conditions without gate machines, with gate machines without
invisible walls, and with gate machines with invisible walls. We simulated five times in
each case and calculated the average evacuation time. The results are shown in Figure 10.
We found that in each case, the evacuation time increased approximately linearly with the
number of pedestrians. However, the growth rate was different under different circum-
stances. It can also be seen from the figure that setting gates helps improve the evacuation
efficiency, and the evacuation time is the shortest when there are invisible walls. When the
number of pedestrians is small, such as 100, the evacuation time is almost the same in all
three cases. With the increase in the number of pedestrians, the difference of evacuation
time between the three cases grew larger and larger. In other words, the greater the number
of pedestrians, the more obvious the effect of the gates to improve evacuation efficiency.

300 T
x -

250 - F 3
— 7 _
@ 7 -
@ - -
€ - + -
= & .
5200 F oTx - -
® - - -
3 T . s
(;S - - - P
L - S 2

150 - T iﬁ -

s <
e X without gate machines
P 4+ without invisible walls
iﬁ - % with invisible walls
100 : ' :
100 200 300 400 500
Number of pedestrians

Figure 10. Comparison of evacuation time under different pedestrian numbers.

3.2.4. The Effect of Pause

Under normal circumstances pedestrians need permission to pass through the gate,
such as swiping a card. As stated in the modeling section, we used a short pause to
represent the process of pedestrians waiting for permission. In an emergency, it is assumed
that the gate can be opened to allow pedestrians to pass through directly. In this part, we
compare the evacuation time of the crowd in both cases. During the simulation process,
we let pedestrians pause randomly between 30 and 40 simulation steps after passing
through the passages 0.2 m and consider the scenario with invisible walls. See Figure 11 for
the results.

200

T T T T

X without gate machines
*  without pause
180 - AN +  with pause -
®  average value without gate machines
®  average value without pause
L

average value with pause

160 I / \ 1
*\

140

Evacuation time(s)
N
SNokmikK
7
/
/
/
+
/
/

Passage number

Figure 11. Comparison of evacuation time with and without pause.
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Pauses increase the evacuation time of the crowd. However, with the increase of
the number of passages, the difference between the evacuation time under pause and
non-stop situations becomes gradually smaller. Under current conditions, for the situation
that requires a pause, the greater the number of passages, the shorter the evacuation time.
Setting a pause is equivalent to controlling the flow of pedestrians passing through the
gates. Even if the number of passages is large, it is not easy to form congestion at the exit,
so the evacuation time will be reduced. This suggests that we need to open more gates in
normal situations, but sometimes we need to close some gates in emergency situations to
improve evacuation efficiency.

3.2.5. Comparison of in and out

In this section, we study the effect of gates on crowds entering the indoor area. Initially,
the crowd is randomly distributed in the outdoor area. As in the case of exiting the indoor
area, each pedestrian will pause for a while before the gate to obtain permission to enter.
The time taken by the crowd to enter under different numbers of passages is shown in
Figure 12. We can see that the changing trend of transit time with the number of passages
is similar to that when going out. Generally speaking, the greater the number of passages,
the better it is for crowds to enter. However, due to the limitation of the entrance width,
when the number of passages reaches a certain level, its increase will not have a significant
effect on reducing time. It can also be seen from the figure that when the number of
passages is 3, 4, and 5, the time taken by the crowd to enter is significantly less than the time
taken to exit. The difference between the two cases is that when you enter, you must pass
through the entrance and then through the gate, and when you exit, the order is reversed.
When the number of passages is small, crowds will form congestion in front of the gates.
For the case of entry, the entrance has a certain effect on restricting the flow of people
entering, so there are fewer pedestrians in front of the gates. We guess this is the reason
why it took less time to enter. This means that avoiding congestion in front of the gates can
help improve traffic efficiency.

200

T
+ - L
X without gate machines-in
% without gate machines-out
180 - %\ % with invisible walls-in
RN +  with invisible walls-out
— / i \ j‘:
i/)/ / N
9] N N
L !/ N\
é 160 I ; AN ¥
c /7 AN N
o a N AN
© 1/ ¥\ >
/
31401 /, o~
[ /,
> /
L

Passage number

Figure 12. Comparison of crowd entry and exit times with different numbers of passages.

4. Conclusions

This paper has studied the effects of gate machines on crowd movement and evacua-
tion based on simulations. During the simulations, we considered three situations for the
evacuation area, that is, there are no gate machines, there are gate machines but there are no
invisible walls on both sides, and there are gate machines with invisible walls. In addition,
we also considered the normal situation where pedestrians need to pause before the gates,
as well as the evacuation situation where pedestrian can go through directly, and the
situations of entering and exiting through the gates. The following main conclusions can be
drawn: (1) In the case of evacuation, the efficiency is highest when there are gate machines
with invisible walls and the lowest when there are no gate machines. In each case, the evac-
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uation time increased roughly linearly with the number of pedestrians. (2) In the case of
evacuation, there is an optimal value for the number of passages, and the corresponding
evacuation time is the shortest, i.e., not the more the number of passages, the better. This
optimal number is related to the width of the exit. (3) Under normal circumstances, whether
itis in or out, in general, the greater the number of passages, the better. However, when
the number of passages reaches a certain level, a further increase will have little effect on
improving traffic efficiency.

These simulation results show us that in the case of evacuation, we sometimes need
to close some gate machines to improve the evacuation efficiency. In addition, setting up
some railings on both sides of the gates to prevent congestion in front of the gates will also
benefit the evacuation. Of course, conclusions may vary under different conditions. We
suggest that places with gate machines should organize some evacuation drills frequently
to further confirm the impact of gate machines on crowd movement.

On the basis of this paper, we can continue to do more in-depth simulation research
or carry out controllable real-life experiments in the future, such as studying the situation
of people entering and exiting at the gate machines at the same time, investigating the
optimal number of gate machines corresponding to different numbers of pedestrians, and
analyze the dynamic characteristics of different groups of people passing through the gate
machines under normal and emergency situations.
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