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Under the background of Covid-19 sweeping the world, safe and reasonable passenger flow management strategy in
subway stations is an effective means to prevent the spread of virus. Based on the social force model and the minimum
cost model, the movement and path selection behavior of passengers in the subway station are modeled, and a strategy for
passenger flow management to maintain a safe social distance is put forward. Take Qingdao Jinggangshan Road subway
station of China as the simulation scene, the validity of the simulation model is verified by comparing the measured value
and simulation value of the time required for passengers from getting off the train to the ticket gate. Simulation results
indicate that controlling the time interval between incoming passengers at the entrance can effectively control the social
distance between passengers and reduce the risk of epidemic infection. By comparing the evacuation process of passengers
under different initial densities, it is found that the greater the initial density of passengers is, the longer the passengers
are at risk social distance. In the process of passenger emergency evacuation, the stairs/escalators and ticket gates are
bottleneck areas with high concentration of passenger density, which should be strictly disinfected many times on the
basis of strictly checking the health code of incoming passengers and controlling the arrival time interval. The simulation
results of this paper verify the harmfulness of passenger emergency evacuation without protective measures, and provide

theoretical support for the operation and management of subway station under the epidemic situation.

Keywords: COVID-19, social force model, subway station, evacuation
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1. Introduction

Covid-19 has brought a serious threat to the safety of hu-
man life around the world and dealt a serious blow to the world
economy. To 15 August 2021, the global cumulative number
of confirmed cases even reached more than 214.81 million and
the cumulative number of deaths was more than 4.47 million.
The transportation system is particularly vulnerable under the
impact of Covid-19. The conventional passenger flow man-
agement and station operation mode can not stop the spread
of Covid-19 virus. It is urgent to establish new regulations to
ensure the safety of passengers under the background of the
epidemic.

The effectiveness verification of passenger flow manage-
ment strategy in subway station under epidemic situation is a
basic premise for the implementation of the strategy. Although
the human experiment in the station can achieve the purpose
of verification, it often needs to invest a lot of human and ma-
terial resources, and the personal safety of the experimental
participants is difficult to be guaranteed.!!! Thanks to the rapid
development of computer systems, the passenger flow simula-
tion in subway station based on pedestrian dynamics model
provides a convenient and efficient research method to verify
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the effectiveness of the strategy, which has been widely rec-
ognized by scholars around the world. According to differ-
ent degrees of detailed description, pedestrian dynamics mod-
els can be divided into macroscopic models and microscopic
models. The macroscopic model mainly refers to the fluid/gas
dynamics model, >3] which focuses on the study of the over-
all movement law of passenger flow on the basis of density
and speed. The crowd object is depicted as a whole and the
model calculation speed is fast, but it often ignores the behav-
ior habits and movement law of individuals. The microscopic

1171 takes the individual pedestrian as the modeling ob-

mode
ject, which pays more attention to the simulation of individual
motion rule and the interaction between individual and sur-
rounding environment. The accuracy of microscopic model is
usually relatively high. Microscopic models can be divided
into discrete and continuous types according to their different
temporal and spatial continuity. The typical discrete micro-
scopic model mainly includes the cellular automata model®-)
and the lattice gas model.l'%!!] The social force model, as a
typical representative of continuous microscopic models, has

4.112-17

been widely use I The social force model attributes the

movement of pedestrians to the comprehensive action of var-
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ious forces, and fully considers the behaviors of pedestrians
such as conformity behavior,!'3! anxiety state, '] dependence
on others, which can well reproduce the self-organization phe-
nomenon of people with high accuracy. Although the calcula-
tion amount of social force model is relatively large, this prob-
lem can be overcome with the rapid development of computer
technology. Therefore, this paper takes the social force model
as the basic model to drive the passenger movement in the
subway station. For more information on pedestrian dynamics
model, please refer to Refs. [18,19].

The environment and passenger flow streamline in the
subway station are relatively complex. The space size and
layout of the station hall, platform, stair/escalator and other
areas are quite different. In addition, the walking status, travel
purpose, choice preference, vision range and familiarity with
the subway station are different. The heterogeneity of passen-
gers and the complexity of the environment have brought great
challenges to the passenger flow management and evacuation.
Many scholars conducted in-depth research on passenger flow
management and evacuation from different study angles, and
achieved excellent results. Jin et al.’?"! studied the temporal
and spatial distribution characteristics of passenger evacuation
when key nodes such as ticket gates failed under the condition
of multiple disaster coupling. Stubenschrott et al.!?!l estab-
lished a route selection model for high density passenger flow
in subway stations. Zhou et al.!*?! pointed that passengers
with luggage and panic could hinder passenger evacuation.

Yang et al.[?>!

studied the influence of passenger heterogeneity
on boarding and alighting behavior at subway platform.
Under the strong and lasting impact of Covid-19, the op-
eration management strategy of subway station and the indi-
vidual travel characteristics of passengers have changed. Tak-
ing the subway stations in Chinese mainland as an example,
the rules of testing health codes and keeping the waiting dis-
tance between passengers are added to reduce the risk of cross
infection. These management strategies could undoubtedly af-
fect the passenger flow efficiency in the station. Line 5 of
Zhengzhou Metro in China was besieged by flood on 20 July
2021 due to severe rainstorm, resulting in the tragic death of
14 passengers. This tragedy reminds us that Covid-19 is not
the only threat to the safety of passengers in the station. Emer-
gencies such as flood disaster still exist, and the emergency
evacuation of passengers in the subway station under the back-
ground of the epidemic and emergency should also be paid
attention to. Therefore, this paper will analyze the effective-
ness and related impact of the additional passenger flow man-
agement strategies in the subway station from the perspective
of epidemic prevention and control, and put forward the rea-
sonable time interval for passengers to enter the station. The
emergency evacuation behavior of passengers under the epi-
demic situation will also be studied, which could reflect the

harm of passenger evacuation without protection under the
epidemic situation. The results could provide a certain the-
oretical basis for the operation and management of subway
station under the Covid-19.

The structure of this paper is as follows: Section 2 de-
scribes the social force model that could drive passenger mo-
tion, and introduces the minimum cost model that is a spe-
cific mechanism of passenger route selection. Jinggangshan
Road subway station in Qingdao, China is taken as an exam-
ple in Section 3, the effectiveness of the simulation model is
verified by comparing the field passenger flow data with the
corresponding data obtained by simulation. Section 4 sets the
basic parameters in the passenger arrival scene and evacua-
tion scene. Section 5 demonstrates the reliability of setting
the arrival time interval and the harm of passenger evacuation
without protective measures by analyzing the simulation data.
Section 6 summarizes the conclusion of the paper.

2. Model

This section mainly introduces the social force model
driving passenger movement in the subway station and the
minimum cost model to realize the function of passenger route
selection.

2.1. The social force model

The social force model is a spatial continuous micro-
scopic model,!*>! which can be used to characterize the psy-
chological states of individual pedestrians such as tension,
anxiety and their interaction with the surrounding individu-
als and environment. The model could also reproduce the
self-organization phenomena such as zipper effect, lane for-
mation and arching phenomenon, which are very close to real-
ity. The social force model is built based on Newton’s second
law, which mainly includes the self-driven force f io’ the force
between people f;;, and the force between pedestrians and ob-
stacles fyw, expressed as

m,»dvc’h(” =f0+ Y fut L, (1)
J(#) w

where m; characterizes the mass of pedestrian i, m = 80 kg.
The vector v; characterizes the actual walking velocity of
pedestrian. The force f l_o reflects the willingness of pedes-
trians to reach the target at the desired velocity, expressed as

o W(n)elr) —vi(r)
fi =m T .

@

Here, v)(¢) characterizes the desired speed of the pedes-
trian at time 7, v (¢) = 1.35 m-s~!; the vector e 9(¢) character-
izes the desired speed direction of the pedestrian at time ¢; 7;
characterizes the reaction time to respond to changes in veloc-
ity, 7, = 0.5 s.
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The force f;; can not only reflect the pedestrian’s will-
ingness to keep a certain distance from the surrounding pedes-
trians, but also include the extrusion force and friction force
generated during physical contact. It is expressed as

fij = Aiexp((rij —dij) /Bi] mij + kg (rij — dij) mij
+Kg(}“,'j—d,'j)Athit,’j, (3)

where A; is the interaction strength and B; is the range of the
repulsive interactions, A; = 2 X 103 N, B; = 0.08 m. The pa-
rameters k = 1.2 x 10° kg-s™2 and k = 2.4 x 10° kg:m~!.s7!;
d;j represents the distance between the centroid of two pedes-
trians; m;; represents the unit vector pointing from pedestrian
J to pedestrian i, nij = (nj;,n?;) = (ri — ;) /dij; rij = ri+7;
with r; and r; representing the body radii of pedestrians 7 and
J» respectively; t;; = (—nizj,nl-lj) means the tangential direc-
tion and AV; = (v; —v;) - t;; the tangential velocity differ-
ence; g(x) is a piecewise function, with g(x) = 0 for x < 0
and g(x) = x for x > 0. The force f;, between pedestrian i and

obstacle W is similar to the force f;;, expressed as

fiw = Aiexp[(r; —diw)/Bilniw +kg(ri — di)iw
+Kkg(ri —diw)(vi - tiw ) tiw . 4

Here, d;jw means the distance to wall W, n;y represents
the unit vector pointing from pedestrian i to wall W, t;; de-
notes the direction tangential to wall W.

2.2. The minimum cost model

Path selection behavior is an important part of passen-
ger travel in subway stations. Lo et al.’?*! proposed an exit
selection model based on game theory, and proved that the
interaction of evacuees could affect the evacuation mode in
multiple exit conditions. Xu et al.’>>! used the combination
of Bayesian information and metropolis-hasting sampling to
model the route selection behavior of passengers based on the
data of automatic fare collection, timetable and train loading
data. At present, a large number of studies have focused on the
modeling of pedestrian path selection behavior.[?-28! In this
paper, the minimum cost model is taken as the passenger path
selection mechanism, mainly because it comprehensively con-
siders the distance, congestion and path conditions between
the starting position and the target, which has high reliability,
fast calculation speed and strong real-time performance. In
addition, this paper also proves that the minimum cost model
can truly reflect the path selection behavior of passengers in
the actual subway station in the model validation of the next
section.

The minimum cost model is expressed as

Dg.
cost = Wp, x Tg +Wo, X Qi+ W, x Li, (5)
i
where cost is the total travel time cost, D is the distance from
the current position of the pedestrian to the destination; 1 is

the average desired speed of the pedestrian, 0 = 1.35 m-s~;

Wh is the distance weight, Wp = 1. Q is the desired time spent
in the queue before reaching the destination; Wy, is the queue
weight, Wo = 1. L is the cost of geometric component; Wy, is
the geometric component traversal weight, Wy = 1.

3. Model validation

The subway station has the characteristics of large pas-
senger flow, strong personnel mobility and high concentration
of population density,!*” which undoubtedly could increase
the infection risk of passengers during the epidemic and also
increase the difficulty of epidemic prevention and control in
the subway station. Therefore, it is of great significance to
study and analyze the passenger flow in subway stations from
the perspective of epidemic prevention and control. In order
to make the research content more authentic, this paper takes
Jinggangshan Road station of Qingdao metro as the simula-
tion example to carry out relevant analysis. The movement be-
havior and path selection behavior of passengers are realized
based on the social force model and the minimum cost model
described in Section 2, and the evacuation experiment of het-
erogeneous passenger flow in subway station is built based on
Massmotion software.

The basic situation of Jinggangshan Road station is first
introduced in this section. Then, the basic parameters in the
simulation model are set according to the field investigation
results. By comparing the field data with the simulation data,
the effectiveness of the built passenger motion model in the
subway station is further illustrated.

3.1. Introduction to Jinggangshan Road station of Qing-
dao metro

Jinggangshan Road subway station is the transfer station
of Qingdao Metro Lines 1 and 13. The station is a typical
island station, which adopts two-story underground structure.
There are two entrances and exits C and D. Each entrance and
exit is equipped with the staircase and escalators as shown
in Fig. 1(a). The station hall in Fig. 1(a) is divided into two
parts by the ticket gate. The red area is called station hall
1, which is connected with the entrance and exit through the
stair/escalator. The blue part is called station hall 2, which
is connected to the platform through the stair/escalator. The
outbound gate is set on both sides of the station hall, and the
inbound gate is set in the middle of the station hall. An eleva-
tor is built next to entrance and exit D for passengers who are
inconvenient to walk, as shown in Fig. 1(b). The platform is
equipped with two stairs parallel to each other, and escalators
for passengers to go up and down are set on both sides of each
stair. The layout chart of platform floor is shown in Fig. 1(c).
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Entrance and exit C

(a)

Station hall 1

Station hall 2

(b)

Down escalator C
Stair C

(T 1]

Health code C

Station hall 2

(c)

) Stair 1
Ascending escalator 1

Carriage

-Ascending escalator C

Health code D
Entrance gate C Entrance gate D

Down escalator 1

Entrance and exit D

Elevator 1

Police office

To Dongjiakou Railway Station —>

Station hall 1

Down escalator D
Stair D
Ascending escalator D

. Ascending escalator 2

Down escalator 2

Toilet

Door Platform Column

Fig. 1. Qingdao Jinggangshan Road station. (a) Three-dimensional diagram of Qingdao Jinggangshan Road station. (b) Layout of hall floor.

(c) Layout of platform floor.

3.2. Validation of simulated passenger behavior in subway
station

During the simulation experiment, the parameters in the
model are set according to the field data. For example, the
field survey results indicate that it takes 42 s for passengers to
arrive at the station hall from the platform by escalator, and the
ticket gate has a time delay of about 2 s for passengers. There-
fore, setting the speed of the ascending escalator to 0.7 m/s
and setting the gate to produce a time delay of 2 s in the sim-
ulation process can basically ensure the consistency between
the simulation results and the field sampling data.

The range of passenger activities in the subway station is
large and the composition of passenger flow is complex. The
validation of the model is realized by comparing the field value

and simulation value of the time required from passengers get-
ting off to the outbound gate, as shown in Figs. 2(a) and 2(b).
The specific steps of model validation are as follows.

When the train arrives and opens the door, start to record
the time data Tt for each passenger from getting off the train to
passing through the ticket gate. Collect 5 groups of field data
using the same way.

Generate the same number of outbound passengers cor-
responding to each group of field data in the simulation, and
extract the simulation time data 7y when alighting passengers
arrive at the outbound gate.

The simulation data are compared with the corresponding

field data to verify the effectiveness of the model.
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SRR N

Fig. 2. Snapshots of passenger leaving the station of Qingdao Jinggang-
shan Road station. (a) Snapshot of passenger getting off. (b) Snapshot of
passenger passing through the gate.

Table 1 lists the mean, variance and standard deviation of

T; and T;. Table 1 reflects that the difference between the mean
value of Tt and mean value of T; in each case is small, and the
variance value of T is often higher than that of 7;. Comparing
the passenger departure process in the field case with that in
the simulation case, it can be found that passengers in the field
case occasionally receive and make calls, go to the bathroom
and so on. The consistency of the field time data of these pas-
sengers is poor. However, the number of these passengers is
small, and their impact on the mean data of overall time is lim-
ited. Since the model simulates the normal outbound behavior
of passengers, passengers often arrive continuously and 75 is
relatively centralized and uniform as shown in Fig. 3.

Table 1. Comparison of mean, variance and standard deviation between field data and simulated data.

Mean Variance Standard deviation
Case Number of field simulation field simulation field simulation
passengers (p) data (s) data (s) data data data data
Case 1 60 109 114 753 507 27 23
Case 2 44 117 115 599 489 24 22
Case 3 30 97 98 293 177 17 13
Case 4 39 110 112 463 419 22 20
Case 5 29 119 123 542 583 23 24
180k T level. This indicates that the model can basically simulate pas-
2 160 T _ senger behavior from a microscopic perspective.
z L R -+
QE) : : : 1 T : I
e 140 - : ! ! _ | ! 1 Table 3. Normal distribution test of simulated data.
+
§ 120 : T 1 Tests of normality
§ 100k E] = Kolmogorov—Smirnova Shapiro-Wilk
§ Cor S Statistic ~ d.f. Sig.
go80p P S R Simulation case 1~ 0.064 60 0.200
60 L LT \ v ] Simulation case 2 0.082 44 0.200
o o @q’ @q’ @fb Qf’" @b’ 2 e‘o Jo Simulation case 3~ 0.102 30 0.200
FFFEFEFEFE Simulation case 4 0.118 39 0.189
> O & O O O O O » ’ ’
O L > > » .9 . .
& & Simulation case 5 0.116 29 0.200

IR . .0 . .0 B . .

N > > N >

CTF O FTOFOTHT O
& QO QO & &

Fig. 3 Comparison of passenger arrival time distribution between field
and simulation cases.

Table 2. Normal distribution test of field data. Sig.: significance,
d.f.: degree of freedom.

Tests of normality

Kolmogorov—Smirnova Shapiro—Wilk

Statistic d.f. Sig.
Field case 1 0.097 60 0.200
Field case 2 0.123 44 0.093
Field case 3 0.128 30 0.200
Field case 4 0.139 39 0.054
Field case 5 0.156 29 0.069

Tables 2 and 3 show the normality test results of 7; and
T;, respectively. It can be seen that the significance value of
data test for each case is greater than 0.05. Therefore, it can
be considered that both the simulated data and the field data
conform to the normal distribution under the 95% confidence

Since 7t and 7 conform to the characteristics of normal
distribution, we can use independent sample test to further
verify the reliability of the model. Table 4 shows the inde-
pendence test results between 7; and T in each case, and the
confidence level of the test is set to 0.95. It can be seen from
Table 4 that the corresponding significance value of Leven in
each case is greater than 0.05, which means that the variance
of T and T in each case is homogeneous. In the mean value
equivalence 7-test, the significance value of each case is larger
than 0.05, it can be considered that there is no statistically sig-
nificant difference between the field data and the simulated
data.

To sum up, Tr and T are approximately in line with the
normal distribution. Under the confidence level of 0.95, the
variance and mean of T are close to those of 7 in the same
case. The data obtained from the simulation experiment with
the model has high reliability.
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Table 4. Independence test of simulated data and field data. F: F statistic, t: t statistic, Std.: standard, Min: minimum, Max: maximum.

Independent samples test

Levens test

t-test for equality of means

95% confidence interval

F Sig. t d.f. Sig. (2-tailed) Mean difference Std. error of difference -
Min Max
Case 1 Equal variances assumed 1.376 0.243 -0.985 118 0.327 —4.466 4.536 —-13.451 4.517
Case 2 Equal variances assumed 0.743 0.391 0.346 86 0.731 1.718 4.972 -8.167 11.603
Case 3 Equal variances assumed 3.357 0.072 -0.291 58 0.772 -1.153 3.958 -9.076 6.769
Case 4 Equal variances assumed 0.014 0.906 -0.532 76 0.597 —2.528 4.755 -11.999 6.943
Case 5 Equal variances assumed 0.107 0.744 -0.631 56 0.531 -3.931 6.228 -16.409 8.547

4. Parameter setting in simulation
4.1. Parameter setting of inbound passenger

This paper adopts the method of controlling variables.
Taking the arrival time interval of passengers as a single vari-
able, the experimental simulation is carried out only for the
inbound passengers, which can better reflect the impact of ar-
rival time interval on passenger social distance. This is also
conducive to more accurate analysis of simulation results and
search for relevant laws.

In order to avoid contact between passengers in the sub-
way station, passengers always give priority to the route on
the same side of the entrance. Taking China as an example,
the safety distance between passengers should be greater than
2 m according to the epidemic prevention safety requirements,
so the independent safety area of passengers should be greater
than 3.14 m>. In this paper, it is assumed that the minimum
safety distance between passengers is L = 2 m, the minimum
independent safety area of passengers is § = 3.14 m?, and its
radius is R = 1 m, as shown in Fig. 4. If the social distance
between passengers is less than 2 m, it is defined that passen-
gers will have risk contact. At the same time, the unit area is
defined as a circle with any point in the station as the center
and 1 m as the radius. The more passengers in the unit area,
the greater the risk of infection of passengers. The area of
the platform is about 780 m?. In order to ensure the safety of
waiting passengers at the platform, the maximum number of
people entering the station within one headway is 250. In the
simulation experiment, we also set the number of passenger
entering the station as 250.

Fig. 4. Schematic diagram of passenger safety area.

Field investigation in China shows that most subway sta-
tions control the distance between passengers by setting the
time interval between inbound passengers. In order to control
the passenger spacing and ensure the traffic efficiency, a rea-

sonable time interval value requires to be obtained. Five dif-
ferent time interval values are set for simulation experiments
as shown in Table 5. Among them, case C1 is a simulation
scene without time interval, which is used as the control group
of other cases. Note that the number of passengers and pas-
senger attributes in all simulation cases are the same, but the
value of inbound time interval is different.

Table 5. Parameter setting of inbound passengers (in units of persons,
i.e., p) in simulation experiment.

Simulation Passenger Time v? Standard
case quantity (p)  interval (s)  (m/s)  deviation of v?
Case C1 250 0.0 1.35 0.25
Case C2 250 0.5 1.35 0.25
Case C3 250 1.0 1.35 0.25
Case C4 250 2.0 1.35 0.25
Case C5 250 3.0 1.35 0.25

4.2. Parameter setting of evacuees

In the passenger evacuation simulation experiment, the
passengers at the platform are selected as the main body of
evacuation, and the arrival of passengers at the entrances and
exits C/D is taken as the sign of the end of evacuation. More-
over, different density values of passengers at the platform
listed in Table 6 are set to have a deeper analysis of the evac-
uation characteristics of passengers. The passengers are ran-
domly distributed at the platform in the initial stage of evacu-
ation.

In the simulation process, the radius and speed of pas-
sengers are set according to the field observation and statistics
data collected in the subway station and also in combination
with the passenger attribution parameters in Ref. [23]. In ad-
dition, the model validation in Section 3.2 also shows that the
attribute parameters set in this paper can reflect the motion
characteristics of passengers in the actual scene.

Table 6. Parameter setting of evacuees in simulation experiment.

Simulation ~ Passenger Passenger v? Standard
case quantity (p)  density (p/mz) (m/s) deviation of v?
Case D1 200 0.27 1.35 0.25
Case D2 300 0.40 1.35 0.25
Case D3 400 0.53 1.35 0.25
Case D4 500 0.67 1.35 0.25

4.3. Color mapping for the level of service

Color mapping transforms density values into colors in
the chart. Density color mapping can also be used to color

078901-6
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individuals. Color values are taken from Fruin standard and
IATA (International Air Transport Association) service level
mapping. Among them, white is used to indicate that no indi-
vidual walks in the area.

Level of service is related to the travel efficiency, comfort
of passengers and so on. It is an important index to measure
the travel quality of passengers. The high service level not
only shows the rationality of the structural design of the sub-
way station, but also represents the effectiveness of passenger
flow management strategy. Table 7 lists the mapping of the
service level corresponding to the density value during pas-
senger evacuation. Table 8 defines the color of the area center
corresponding to the contact time in the unit area. This will
help us to present the dynamic attributes of passenger flow in
different cases from a macroscopic perspective.

Table 7. Service levels corresponding to different passenger densities.

Service of level ~ Density (den p/m?) Space (spam?/p)  Color

A den < 0.309 3.24 < spa -
B 0.309 < den <0.431 2.32<spa<3.24
C 0.431 <den<0.719 1.39 < spa<2.32
D 0.719 <den < 1.075 0.93 <spa< 1.39
E 1.075 <den < 2.174 0.46 < spa < 0.93
F 2.174 < den spa < 0.46 [ ]

Table 8. The area center color corresponding to the cumulative of con-
tact time of the same unit area on the passenger path.

Area § (m?) Cumulative time # in area S (s) Color
3.14 0<t<60 -
3.14 60 <1< 120
3.14 120 <1 < 180
3.14 180 < r <240
3.14 240 <1 < 300
3.14 300 < 1 [ |

5. Simulation result analysis

This paper carries out relevant simulation analysis on pas-
senger flow management and evacuation under Covid-19 by
taking Jinggangshan Road subway station as the simulation
experiment scene. The purpose of controlling the distance be-
tween passengers is achieved by setting the time interval be-
tween inbound passengers. Firstly, the changes of passenger
density at key locations, the traffic efficiency and social dance
under different time intervals are studied. Then, the reason-
able control value of time interval is obtained. Moreover, the
evacuation of passengers in the station under the background
of Covid-19 is studied.

5.1. Analysis of inbound passenger management strategy
under Covid-19

5.1.1. Influence of different time intervals on passen-
ger density

Passengers usually need to show their health code before
security inspection after entering the subway station through

the entrance. Therefore, passengers are easy to gather at the
security inspection place and ticket gate as shown in Fig. 5. In
the simulation experiment, the yellow area marked in Fig. 1(b)
is defined as the key location of epidemic prevention and con-
trol in the subway station. In order to get the aggregation
of passengers at these four locations under different time in-
tervals, the density change of passengers at key locations in
the station is characterized through regional capacity density.
Note that the time interval for density data acquisition is 5 s.
According to the requirements of safe social distance, the
safety value of passenger area density shall not be higher than
1 p/3.14 m?>=0.318 p/m?.

Fig. 5. Health code inspection office in Qingdao Jinggangshan Road
station. (a) Health code location C. (b) Health code location D.

Figure 6 shows the comparison of passenger density
changes at the four key locations which are health code lo-
cation C, health code location D, entrance gate C and entrance
gate D in Fig. 1 under different time intervals. It can be seen
from Figs. 6(a) and 6(b) that when the health code is presented,
the density of passengers in cases C1, C2 and C3 increases first
and then decreases, and their density values exceed the safe
density range for a long time, so these three cases do not meet
the safety prevention and control requirements. The density
value at the place where the health code is displayed in cases
C4 and CS5 remains low, but some density values of passengers
in case C4 exceed the safe density range. The density value of
passengers under the condition of case C5 is always lower than
the safe density range. Therefore, only case C5, maintaining
the inbound time interval at 3 s, at the place where the health
code is presented can meet the safety prevention and control
requirements.

Figures 6(c) and 6(d) show that the safety density require-
ments at the ticket gates still do not meet the requirements of
safety prevention and control under cases C1, C2 and C3. The
requirements are met at the entrance gate C, but not at the en-
trance gate D under case C4. The safety and epidemic preven-
tion requirements can be met at the gate under case CS5, but
the total time taken by all passengers to complete the travel is
much higher than that in the other four cases. Therefore, the
inbound time interval set by case C5 is the most desirable from
the perspective of ensuring the safe travel of passengers.
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Fig. 6. Changes of passenger density at different time intervals. (a) Health code location C. (b) Health code location D. (c) Entrance gate C.

(d) Entrance gate D.

5.1.2. Influence of different time intervals on passen-
ger traffic efficiency

In order to further explore the impact of different inbound
time intervals on passenger traffic efficiency, the time data of
all passengers arriving at the platform under the five cases of
Table 5 is collected as shown in Fig. 7. It can be found that
there is little difference in the distribution of passenger arrival
time at the platform under cases C1-C4. The median arrival
time of all passengers at the platform under cases C1-C4 are
260 s, 262 s, 262 s, 275 s, respectively, while the median
value under case C5 is 325 s. The main reason may be that
passengers can only line up at the place where the health code
is checked. Although passengers could quickly arrive at the
health code inspection place in the case of no time interval
and small time interval, the health code inspection place plays
a secondary isolation role for passengers. Only when the time

450

400

3501

3001

2501

2001

Evacuation time (s)

150

P .

100

Case C1 Case C2 Case C3 Case C4

Fig. 7. Distribution of arrival time of passengers at different time intervals.

interval set at the entrance is greater than the time interval of
checking the health code, passengers will not be affected by
the health code delay segmentation. Combined with the above
data analysis, it can be obtained that when the time interval
between passengers is set to 3 s, there will be no delay due
to the inspection of health code. When the interval is set to
2 s, the health code inspection place will delay the traffic of
passengers. However, this impact is very small.

In the simulation experiment, passengers arrive at station
hall 1 through stairs from the entrance, then arrive at hall 2
through ticket gate, and then arrive at the platform through
stairs 1 and 2. Figure 8 shows the change of the number of
passengers arriving at station hall 1, station hall 2 and plat-
form with time under different time intervals. It can be seen
that the arrival time of passengers entering station hall 1 under
cases C1-CS5 is about 40 s. The change of the number of pas-
sengers in the subway station with time is similar under cases
C1 and C2, which may be mainly due to the limited capacity
of the entrance stairs. Passengers under cases C1 and C2 are
congested at the entrance. The peak number of passengers in
station hall 1 under case C3 is lower than that under cases C1
and C2, but there will also be time delay when passing through
the health code inspection place. Therefore, the change in the
number of passengers in dtation hall 2 and platform is simi-
lar to that under cases C1 and C2. The inbound time interval
of passengers entering the station under case C4 is large, and
the passenger flow entering station hall 1 from the entrance
is approximately equal to that entering station hall 2 through
station hall 1. Therefore, it can be seen that the change of the
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number of passenger flow in station hall 1 is relatively stable.
This also explains that the inbound time interval of 2 s is close
to the delay time at the health code inspection place.

00¢ —— Station hall 1 — e €3]
] ;.,,{}\ fase G
0 e ‘ Gt

0 100 200 300 400 500

The number of pedestrians
=
o

%88: /////'/-P/la-t’f:rm:
00100 200 300 400 500 600
Time (s)

Fig. 8. Changes of the number of passengers in different areas of the
station with time.

According to the above analysis, the time delay at the
health code inspection place is about 2 s. The 3 s inbound
time interval under case C5 is greater than the 2 s time delay,
so the passengers under case C5 will not be affected by the in-
spection of health code, and the change of passenger quantity
in each area of the station is relatively stable. Although the
passenger spacing under case C5 is well controlled, the time
to reach the platform is much higher than that of the other four
cases.

Time in proximity (‘1) Case C1 Time in proximity

(d) Case C4

Time in proximity

(b) Case C2

5.1.3. Influence of different time intervals on social dis-
tance

Figure 9 shows the cumulative time of risk exposure
of passengers in the same unit area under different cases in
the whole simulation process. It can be found that the non-
inbound time interval and 0.5 s inbound time interval under
cases C1 and C2 have poor control over the safe social dis-
tance of passengers, and the risk exposure time at the place
where they show their health code is up to 3—4 min. This fur-
ther verifies that the inbound time interval under cases C1 and
C2 is not desirable. The social distance of passengers under
cases C4 and C5 is well controlled, and passengers do not have
a risk exposure time higher than 3 min in the whole travel pro-
cess which can play an effective prevention and control effect
on the epidemic.

In brief, the safest inbound time interval is 3 s after ana-
lyzing the results of Figs. 7-9, even though it will reduce the
operation efficiency of the subway station. If the prevention
and control measures taken by passengers themselves are rel-
atively strict (such as wearing masks and protective clothing),
the inbound time interval can be controlled at about 2 s, so
that there will be neither too much risk exposure nor serious
impact on the efficient operation of the subway.

Time in proximity

(c) Case C3

(e) Case C5

Time in proximity

Fig. 9. Cumulative contact time of passengers in various areas of the subway station during arrival.

5.2. Analysis of passenger evacuation capability under
Covid-19

When there are floods, earthquakes and other emergen-
cies in the subway station, passengers often do not take into
account the impact of the epidemic situation in the process of
evacuation. This has also brought serious challenges to the
epidemic prevention and control of subway stations. This sec-
tion mainly simulates the passenger evacuation behavior under
different densities of passengers at the platform to obtain vari-
ous key parameters such as passenger density, evacuation time.
Furthermore, the evacuation process is analyzed from the per-

spective of epidemic prevention and control, so as to provide
a theoretical basis for the customization of relevant evacuation
strategies.

Figure 10 shows the change of the number of passengers
at different density service levels with evacuation time under 4
initial densities. The simulation results in Fig. 10 show that the
number of people at density service levels E and F, Ngg will in-
crease sharply in the initial stage of the evacuation experiment.
Note that Ngf represents the number of passengers at density
service levels E and F. This may be because the passengers at
the platform will react quickly and gather at the entrance of
the stairs/escalators at the beginning of the evacuation, but the
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traffic capacity of the stairs/escalators is limited. Meanwhile,
Ngg in case D1 is less than 50% of the total number, Ngg in
cases D2 and D3 is about 50% of the total number, while Ngg
in case D4 is higher than 50% of the total number. This further
reflects that the overall density of passenger during evacuation
will also increase with the increase of the initial density at the
platform, which will increase the risk of passengers infected
with Covid-19 in a large area.

Figure 11 shows the comparison of passenger evacua-
tion efficiency under different cases. It can be found from
Fig. 11(a) that these four cases have similar evacuation rules.
The numbers of people who complete evacuation in the early
and late stages of evacuation increase slowly, while the num-
ber of people who complete evacuation in the middle stage of
evacuation increases approximately linearly with time and the
growth rate is relatively large. At the same time, it can be ob-
served that the evacuation time extends with the increase of the
number of evacuees, and the evacuation time corresponding to
case D1-Case D4 is 343 s, 357 s, 378 s and 414 s, respectively.
Figure 11(b) shows the average evacuation speed of passen-
gers in different cases. The average speeds of evacuees corre-
sponding to cases D1-D4 are 0.70 m/s, 0.66 m/s, 0.64 m/s and
0.60 m/s, respectively, which reflects that the overall speed of
evacuation gradually decreases with the increase of the num-
ber of evacuees.

Figure 12 shows the cumulative risk exposure time in
each unit area of the subway station during passenger evac-

uation under different cases. The risk exposure time of a
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[JLevel of density belongs to B
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(a)' Case D1

200

150

100

50

The number of passengers

0 100 200 300 400
Evacuation time (s)

Il Level of density belongs to A
[JLevel of density belongs to B
[ Level of density belongs to C
[Level of density belongs to D]
[Level of density belongs to E
[l Level of density belongs to F

400 WS ‘Case D3
350
300
250
200
150

100

The number of passengers

50

100 200 300 400
Evacuation time (s)

few areas in the evacuation path under case D1 is longer than
60 s, which indicates that the evacuation process is relatively
smooth and the passenger congestion is not serious. However,
the risk exposure degree of passengers under cases D2, D3 and
D4 is gradually deepened. It can be seen from Fig. 12(d) that
there is serious risk exposure not only in the stairs/escalators
and ticket gates, but also in the path section from the ticket gate
to the exit stairs/escalators in case D4. This further verifies
that the risk of infection in the evacuation process increases
gradually with the increase of the number of evacuees.

Figure 13 shows the change of passenger density at each
ticket gate with evacuation time under different cases. It can
be concluded that most passengers choose entrance gate D and
exit gate C for evacuation, while the utilization rate of entrance
gate C and exit gate D is low. This unbalanced selection be-
havior further increases the congestion at some locations dur-
ing evacuation, which also increases the risk of passenger in-
fection with Covid-19. Furthermore, the number of evacuees
under case D1 is 200, but the density value during evacua-
tion is still much higher than the maximum density value of
0.318 p/m? when passengers maintain a safe distance. Com-
bined Fig. 12 with Fig. 13, we can conclude that the evacuation
process seriously violates the indicators of epidemic preven-
tion and control under case D1. Therefore, the formulation of
evacuation plan should comprehensively consider many fac-
tors, such as the type of emergency, the severity of the epi-
demic and the distribution of passenger.
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Fig. 10. Variation of the number of passengers with evacuation time under different density service levels.
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Through the analysis of the simulation results, it can be
found that passengers are more likely to contact in the narrow
space such as stairs and gates during evacuation. Moreover,
the average speed of passengers decreases with the increase
of the number of evacuees, which could greatly increase the
probability of contact between passengers.

6. Conclusion

The social force model and the minimum cost model are
used to describe the movement and route selection behavior of
passengers, and the inbound behavior and outbound evacua-
tion behavior of passengers in subway stations are simulated
based on Massmotion. The time interval value suitable for
controlling the social distance of inbound passengers is given
from the perspective of epidemic prevention and control, and
the passenger evacuation process under different initial densi-
ties is also analyzed. Simulation results indicate that setting
the time interval between inbound passengers can effectively
control the social distance between passengers in the subway
station. When the time interval is controlled to 3 s, the safety
area of passengers will not be violated. During the free evacu-
ation of passengers in the station, the greater the initial density
of passengers at the platform, and the longer the risk exposure
time. When a small group of 200 people is evacuated, it still
can not meet the safety indicators of epidemic prevention and
control, which shows that the passenger evacuation strategy
needs to be formulated according to the specific emergency
type. This paper provides a theoretical basis for passenger flow
safety management in subway stations under the background
of Covid-19.
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