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Abstract: This study addresses the challenging problem of increasing passengers’ travel efficiency
while lowering the infection transmission risk at metro stations during COVID-19 pandemic. To
achieve this objective, we deploy Anylogic software and formulate an infection risk model. As a case
study, this study focuses on a transfer metro station in Xi’an, China. Firstly, by utilizing Anylogic
software, three distinct strategies are simulated: flow-control fences, travel reservation, and the
collaborative use of travel reservations and flow-control fences. Secondly, the passenger density and
average dwell time under these strategies are assessed while constructing an infection risk model
to quantify the risk faced by passengers. Thirdly, when compared to the absence of any strategy,
the results are as follows: (1) The flow-control fences strategy: implementing flow-control fences
can effectively reduce the risk of passenger infection when the length of the flow-control fences is
fixed at 47.5 m, but comes at the cost of a 20.15% decrease in passenger travel efficiency; however,
excessively long flow-control fences will neither alleviate congestion nor reduce the infection risk.
(2) The travel reservation strategy: the adoption of travel reservations, along with a fast track for
reserved users, when the reservation proportion is 40%, leads to a remarkable 29.05% improvement
in travel efficiency and reduces the risk of passenger infection by 67.12%. (3) The combined strategy:
the combined utilization of travel reservations and flow-control fences enhances travel efficiency by
15.80% and reduces the risk of passenger infection by 56.77% when the reservation proportion is set
at 30%. When the reservation proportion is between 10 and 30%, its infection risk reduction effect is
better than that of the travel reservation strategy, but this is not necessarily true for their effects on
travel efficiency. Finally, this study was compared to an existing study that proposed a new strategy
by combining travel reservations with departure intervals, analyzing the effect of the implementation
of the strategy with different departure intervals. The findings from this study have implications for
developing appropriate strategies to optimize passenger flow without significantly compromising
the transmission of infection risk during the pandemic.

Keywords: travel reservation; flow-control fences; infection risk value

1. Introduction

During the COVID-19 pandemic, China implemented a series of mobility restriction
measures to prevent and control the epidemic, including, but not limited to, shutting
down public transportation in the cities at the center of the outbreak, blocking all modes of
transportation in the infected areas of cities, centralized quarantine and home quarantine,
thus leading to a decline in human mobility [1-3]. Currently, China has eased its severe
COVID-19 control policies; public transport passenger traffic is gradually recovering [4],
but with the continuous mutation of COVID-19, the timing and scale of outbreaks are still
highly random and unpredictable. As an important part of public services, rail transit
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needs effective counter strategies to control the spread of COVID-19, not only to ensure
a level of service for passengers entering the station, but also as the management of the
station concourse should not be neglected [5].

Urban rail transit stations function as pivotal hubs, facilitating the interchange and
transition of people between various rail lines. They manage the influx of passengers arriv-
ing from multifarious directions, each with distinct travel objectives. These circumstances
are marked by their intrinsic unpredictability, substantial and concentrated volumes, and
disparate vectors. Addressing the challenge of managing high passenger volumes within
metro stations to ensure public hygiene is a subject of significant scholarly interest [6]. In
congested scenarios, such as peak hours at metro stations, fences to direct crowd movement
have emerged as a widely adopted strategy for alleviating congestion [7]. The task of strate-
gically designing the layout of these fences presents a complex black-box optimization
problem. Zhong et al. [8] have introduced an evolutionary framework for the automated
optimization of barrier layouts within metro stations. Additionally, they have proposed a
novel fitness evaluation function to effectively gauge the efficacy of a given barrier layout
design strategy, subsequently validating its effectiveness.

Staircases and escalators are typically identified as the most common bottleneck
locations on metro platforms. Zhuang et al. [9] have discerned that specific barrier lengths
possess the potential to optimize the flow patterns of stairway and escalator systems,
thereby enhancing stairway utilization. The study conducted by Chen et al. [10] has
illustrated that implementing flow-control fences at stairwell entrances leads to a significant
decrease in the peak pedestrian density at crucial intersections, thereby enhancing service
levels. Notably, the role of flow-control fences extends beyond the mere alleviation of traffic
congestion; they also assume a pivotal function in expediting evacuation procedures. Li
et al. [11] have indicated that an excessive number of fences does not enhance evacuation
performance. In contrast, Minegishi et al. [12] posit that the deployment of temporary
fences can, to some extent, ease the demands of emergency evacuation.

Moreover, some scholars advocate for implementing a demand response strategy in
urban rail transit for epidemic prevention [13]. Drawing inspiration from the reservation
systems used for medical appointments, dining establishments, parking facilities, and the
like, the concept of travel reservation aims to harmonize supply and demand, effectively
addressing the challenges arising from the excessive concentration of demand [14]. Notably,
in response to the initial wave of the COVID-19 outbreak, a smartphone-based reservation
system was already implemented in March 2020 at two bustling Beijing metro stations.
Following successful reservations, passengers accessed the stations through dedicated fast
tracks [15].

Travel reservation serves as an effective mechanism for operators to ensure the or-
derly transit of passengers through bottlenecks in high-density areas or during periods of
passenger oversaturation [16]. This approach has found applications in various domains,
including hospital outpatient departments, highways, buses, metros, the management of
visitor flow at tourist destinations, and intelligent parking systems [17-24]. The scope
of research on travel reservations encompasses aspects such as travel route reservations,
intersection reservations, dedicated lanes, and the construction of comprehensive travel
reservation systems [25].

Koolstra [26] has proposed a freeway slot-reservation system capable of reducing
queuing costs by 50%. Liu et al. [27] have introduced a roadway reservation system and
designed an online scheduling algorithm that preserves transportation efficiency by se-
lectively accepting reservation requests. Sadreddini et al. [28] have advocated for a smart
reservation system, demonstrating its effectiveness through a decision-based multicriteria
reservation system, with a focus on Electric Vehicle (EV) user acceptance ratios across
diverse case studies. Zhou [29] has advanced a novel public transport dispatching ap-
proach grounded in passenger reservation data. This method encompasses the creation of a
customized dynamic dispatching model for multiple vehicles, accompanied by a computa-
tional example illustrating its superior performance compared to traditional single-vehicle
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solutions. Sun and Song [30] have introduced a centralized mobility service reservation
system, which leverages the actual arrival and departure times of agents (i.e., users or
vehicles) as preferred time windows at both origin and destination points, ultimately en-
hancing user travel experiences. Furthermore, the integration of travel reservations with
other transportation modes can proficiently mitigate traffic congestion [31].

In the context of the COVID-19 pandemic, China’s stringent control strategies proved
challenging for high-priority occupations requiring travel, notably medical personnel. Take-
mura et al. [32] have proposed a novel e-ticket reservation system, designed to maximize
the distribution of tickets to high-priority users while minimizing congestion levels. Con-
currently, metro passenger reservation and registration systems have been instrumental
in the timely tracking of the movements of suspected patients and bolstering the trace-
ability of pandemic control within public transportation [33]. Despite Beijing’s successful
implementation of metro station travel reservations, the refinement of these reservation
schemes remains ongoing. Shi et al. [34] have explored a train operation strategy capable
of dynamically allocating carriage capacity by reserving carriages at different stations in
response to time-varying passenger demand. This strategy has been validated using real
data from the Beijing Metro’s Batong Line, yielding a high-quality carriage reservation plan
within a short computational timeframe. Furthermore, when the reservation proportion
falls within an appropriate range, it reduces travel time [35]. When Mei et al. studied
reserved parking spaces, they found that when the proportion of reserved vehicles is not
high, congestion in popular parking lots may intensify [36]. Qin et al. [37] found that 56%
of travelers chose to make parking reservations during the travel process.

In summary, from the perspective of metro passenger flow control strategies, current
research mainly includes flow-control fences and travel reservations. However, from the
perspective of our research objectives, most of them focus on alleviating traffic congestion,
with only a small portion considering reducing the passenger infection risk, and without
quantification [13,33]. Therefore, this study addresses the challenging problem of increasing
passengers’ travel efficiency while lowering the COVID-19 transmission risk at the metro
station. In light of the upcoming analysis, this study selects Xiaozhai metro station as
a case study. This study conducts simulations of the Xiaozhai metro station operations
under three distinct flow restriction strategies: flow-control fences, travel reservations,
and the combined strategy. Additionally, this study develops an infection risk assessment
model for passengers under these three flow restriction strategies. The simulation model is
developed in the Anylogic software platform, which is widely used for such agent-based
simulations [38—40]. Ultimately, a comparative analysis is undertaken, contrasting the
outcomes with scenarios devoid of any flow restriction strategies to elucidate the risk
reduction efficacy associated with flow restrictions in the context of travel reservations.

2. Methodology
2.1. Research Methodology

Anylogic is a widely adopted modeling software for diverse systems, which includes
discrete and continuous elements, and even hybrid systems, adeptly encapsulating the
intricacies of agents involved. Moreover, its open architecture permits customization for
module development, leveraging programming languages such as Java and others. In
this research, passenger flow simulation is conducted using Anylogic, as delineated in
the accompanying flowchart presented in Figure 1. The basic work in the early stage is
as follows:

1.  Simulation model. Build a model using Anylogic software, including security ma-
chines, gates, escalators, walls, self-service ticket machines, etc., and set up passenger
travel logic.

2. Parameter settings. Set parameters through research and the relevant literature, in-
cluding passenger flow, security inspection time, ticket purchase time, ticket checking
time, pedestrian speed, etc. Use software recommendations or defaults for other
parameter settings.
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Figure 1. Overall roadmap of the proposed methodology.

The methodology begins with establishing a control group and collecting pertinent
metrics from the research site. Subsequently, relevant evaluation indicators for different
passenger flow control strategies were obtained. These strategies are, respectively:

1.  The flow-control fences strategy. This is a common passenger flow control strategy
in railway stations that controls the passenger flow by regulating the entry and exit
routes of the passenger flow.

2. The travel reservations strategy, which means that users make appointments through
the client and then enter the station through the fast track.

3. The combined strategy. In addition, this paper also considers the combination of
travel reservations with flow-control fences.

Finally, these strategies are subjected to comparative analysis vis a vis the control group.

2.2. Evaluating Indicators
2.2.1. Dwell Time

Dwell time alludes to the time span required for passengers to traverse a designated
area. It is imperative to acknowledge that an elongated dwell time yields a commensurate
reduction in travel efficiency.

2.2.2. Infection Risk Value

It is postulated that the infection risk value exhibits a linear correlation with both
passenger density within the study area and passengers’ dwell time in said area [41].
Succinctly, an increase in passenger density corresponds to heightened congestion within
the study area, incurring in a higher number of contacts, thereby elevating the infection risk.
Furthermore, an elongation of passengers” dwell time in the study area reflects an extended
period of interaction with others, consequently amplifying the infection risk. Accordingly,
the infection risk value model is formulated as follows:

ceiiann”™ ceian
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The relevant parameters are defined as shown in Table 1. In this study, we consider
C =1and At =60s.
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Table 1. Parameter definition.

Parameter Definition
Ag Infection risk value at time ¢.
C A constant greater than 0.
Tz Total time spent passing through the study area at moment ¢ by passengers.
Pz Density of passengers in the study area at the moment ¢: number of people per unit area.
Nz Total number of people passing through the study area at moment ¢.
At Statistical spacing.

2.3. Research Data

Situated in Xi’an, China, the Xiaozhai metro station serves as a nexus for line 2 and
line 3 [42], and its use has exhibited a pronounced rise amidst the prevailing COVID-19
pandemic containment policies in China. During peak periods, an inundation of passen-
gers descends upon the station in a brief span, surpassing the station’s nominal capacity
and creating recurrent gridlock. Passengers frequently find themselves forced to endure
extended waits outside the station, thereby engendering diminished travel efficiency and
an elevated susceptibility to infection. Therefore, this study selects Xiaozhai metro station
as its research object. The spatial arrangement of Xiaozhai station’s concourse level is
visually depicted in Figure 2. Here, A, B, C, D, E, and F represent the entrances/exits of
the subway station. passengers pass security checks and buy tickets to enter the station
through the gate, while 2-0, 2-1, 2-2, 3-0, 3-1, and 3-2 indicate the locations of escalators,
as shown in Figure 2a; passengers may access and leave line 2 by means of the escalators
denoted as 2-0, 2-1, and 2-2. Likewise, line 3 can be accessed via escalators 3-1 and 3-2. It
is worth noting that escalator 3-0 exclusively functions as an egress point for passengers
departing from line 3. Additionally, it is possible to effectuate transfers between line 2 and
line 3. Red, yellow, blue, and green agents, respectively, represent passengers entering,
leaving, transferring, and making reservations to enter the station, as shown in Figure 2b.
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Figure 2. Xiaozhai metro station layout. (a) Plane layout; (b) 3D model.

During the height of the pandemic in February 2020, the passenger volumes for public
buses, trams, and rail transit plummeted to a mere 12.0% and 14.7% of the levels recorded
during the same period in the previous year [43]. Consequently, utilizing data from this
pandemic period does not offer a suitable reflection of present passenger travel patterns.
Therefore, we have turned to data gleaned from the pertinent literature [44], as delineated
in Tables 2 and 3.
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Table 2. The inbound passenger flow of Xiaozhai station.

Inbound Cross-Sectional Passenger Flow

Inbound Escalator Passenger Flow

Entrance/Exit
Name Passenger Flow/(Person*h) Name Passenger Flow/(Person*h)
A 2-1 2113
D AD cross-section 3920
2-0 2416
B
BC cross-section 2700
C 2-2 1946
E EF1 cross-section 1108 3-0 0
3-1 952
F EF2 cross-section 384
3-2 829

Table 3. The outbound passenger flow of Xiaozhai station.

Line 2 Outbound Passenger

Line 3 Outbound Passenger Flow Station Concourse-Level Interchange

Flow Passenger Flow
Line 2 Line 31 h ith
21to 2-1to 2-2to 22to 3-0to 3-0to 3-Ito 3-1to 32to 3-2to  interchange ine 3 interchange wit
BC EF AD EF AD BC AD BC AD  BC with Line 3 Line 2
exit exit Exit Exit Exit Exit Exit Exit Exit Exit 21 20 3.0 ) 30
746 1028 1699 1440 44 35 63 91 67 90 155 157 5588 2204 1974

3. Simulation Analysis
3.1. Simulation Model

Due to the scope of this study, the modeling process exclusively encompasses the
station concourse level, with no consideration given to other structures. Various elements
are present within the metro station’s concourse level, including station control rooms,
customer service centers, ticket vending machines, security apparatus, entry gates, pillars,
and fences, among others. To facilitate the simulation process, only the areas designated
for pedestrian transit are incorporated into the simulation. Areas where pedestrian access
is restricted are treated as impassable obstacles and are symbolically represented as walls.
Within the modeling of the station’s concourse-level environment, features such as gates,
ticket vending machines, and security apparatus are delineated, while all obstructions are
represented as rectangular walls. The escalators and staircases connecting to the station
concourse level are constructed using the software’s “Rectangular Node” functionality. The
related parameters of the environmental settings of the studied subway station are listed in
Table 4, in accordance with the literature [44].

Pedestrian movement simulation is based on the social force model built into Anylogic,
which was proposed by Helbing et al. [45]:

m;(dv;/dt) = 0+ Zﬂj+2ﬂw+e

#Ho W

@)

where f? is a self-driving force determined by factors such as destination and pedestrian
psychological characteristics; f;; represents the repulsion of pedestrian i by other pedes-
trians; fj, is the combined force of the wall and path obstacles on pedestrian 7; and € is a
small random force.

£ =m0 (e () —vi(t) /) ®
fi = Arexp[(|rij — dij|)/ Bi]nij + kg (rij — dij)nij + kg (ri — dij) Avjt; @)
fij = Aiexp[(|rij — dij| )/ Bi]nij + kg (rij — diwy )10y + kg (rij — diny) (v; - tip)tiw ~ (5)
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where m; is the mass of pedestrian i; v?(t)e?(t) is the desired speed of pedestrian i at time ¢;
v;(t) is the current speed of pedestrian i at time t; and T is the relaxation time for pedestrian i
to adjust from their current speed to their desired speed. A; exp|( ‘ rij — djj ‘ )/ Bi]n;j indicates
that pedestrian i is subjected to the “magnetic field force” of pedestrian j at time t. kg(r;; —
dij)nij + kg(rij — dl-j)Av;itij is the physical force exerted on pedestrian i by pedestrian j at
time t. A; is the strength of the repulsive force between pedestrians; 7;; is the sum of the
radii of pedestrian i and j; d;; is the distance between pedestrian i and j; B; is the range
of action of the repulsive force; n;; is the direction of the “magnetic field force”; d;; is the
center of the distance between pedestrian i and obstacle w; t;; is the tangent direction; n;,,
represents the vertical direction from the passenger i to the surface of the obstacle w; and
tiy represents the direction tangential to it. The related pedestrian settings (desired speed,

initial speed, diameter) involved in the social force model are listed in Table 4.

Table 4. Parameter settings.

Parameter Type Parameter Parameter Settings
Security inspection time uniform (2.0, 3.0)
Ticket purchase time uniform (2.0, 3.0)
Ticket checking time exponential (3.9)
The length of the flow-control fences B 112m
Environmental (Passenger detour distance at entrance B) ’
settings The length of the flow-control fences C 475m
(Passenger detour distance at entrance C) ’
Fast track width 0.8 m
Departure interval of line 2 3min40s
Departure interval of line 3 4 min 40 s
Desired speed normal (0.17, 1.14) m/s
Pedestrian settings Initial speed uniform (0.5, 0.7) m/s
Diameter uniform (0.4, 0.5) m

3.2. Flow-Control Strategies

Drawing upon the modeling principles and pertinent data outlined earlier, we con-
ducted a simulation of passenger flow organization at Xiaozhai metro station using Any-
logic software. The simulation replicated the station’s operations over a period of 600 s. As
shown in Figure 2b, congestion occurs at the BC entrance of Xiaozhai metro station, and no
abnormalities are seen in other areas. Therefore, we selected the BC inlet area for the study,
as shown in the Figure 2a study area. Furthermore, we have also gathered pertinent metrics
pertaining to the internal area in order to investigate the potential occurrence of internal
congestion resulting from varying passenger flow control strategies. Different flow-control
strategies are proposed for the congestion in the study area, as shown in Figure 3:

1. The flow-control fences strategy: the passengers at the BC entrance must bypass the
flow-control fences and pass through the main track.

2. The travel reservation strategy: in accordance with Wang’s methodology [25], passen-
gers with reservations take the fast track, and those without reservations take the main
track. Itis assumed that a certain proportion (denoted by pr) of passengers at entrance
C will use travel reservations and enter the station through the fast track after making
a reservation in advance; different reservation proportions have different effects.

3.  The combined strategy: this paper also considers the collaborative use of travel
reservation and flow-control fences to explore whether both would be more effective;
similarly, different reservation proportions (denoted by p’) also have different effects.
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Figure 3. Schematic diagram of different flow-control strategies (B and C are two entrances).

3.3. Simulation Results

The figure denoted as Figure 4 illustrates the passenger density pertaining to the
different strategies implemented for controlling passenger flow. The conducted investiga-
tion reveals that within the control group, the initial occurrence of congestion transpired
approximately 140 s into the simulation and lasted for a duration of 50 s. Subsequently,
the second congestion episode emerged around the 300 s mark and persisted until the
conclusion of the simulation. On the other hand, when employing flow-control fences as a
means to regulate passenger flow, a reduction in passenger density was not observed until
300 s had elapsed. This divergence can be attributed to the fact that, during the initial 300 s,
there was no significant concentration of passenger flow, and the utilization of directional
fences led to an increase in the walking distance for passengers. Such an arrangement was
not conducive to diminishing the density of the passenger flow. When using reservation
travel methods for traffic restriction, when the reservation proportion is between 30~70%,
the passenger density is lower than that of the control group. But this does not necessarily
mean that it effectively controls the passenger flow. Based on Figure 4b, it is evident that
when the proportion of reservations is between 10~30%, the addition of flow-control fences
impedes the gradual rise in passenger density in the main track, compensating for the low
utilization of the fast track and, consequently, mitigating congestion in the main track.

The installation of flow-control fences at the station entrance, as depicted in Figures 5 and 6
and Table 5, necessitates an extension of the detour distance for passengers entering
while effectively deliniating the walking distance for those passengers. This configuration
enables incoming passengers, particularly during periods of high passenger flow, to enter
the station in an orderly queue. This, in turn, enhances the station’s resilience to the impact
of large passenger volumes and, to some degree, mitigates the risk of passenger infection.
However, it is essential to acknowledge that the use of guide fences increases the distance
passengers must traverse, thereby reducing the efficiency of passenger travel and overall
customer satisfaction.
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Figure 4. Passenger density variation curves under different passenger flow control strategies.

(a) Passenger density variation curve under the travel reservation strategy; (b) passenger density

variation curve under the combined strategy.
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Figure 5. Passenger dwell time under different passenger flow control strategies.



Systems 2023, 11, 555

10 0of 18

140 - Mean risk of infection in the control group I
g L) — Mean risk of infection in the flow-control fences
'§ 100
% o |
S 60} I o| -
R T
el g el T T _— 5 =Nl
—_Ca = pr—erp—— P == s P P S = — Py s
L T Y ee P | | T e= T ] | |
Cont- Flow 10% 20% 30% 40% 50% 60% 70% 80% 90% 10% 20% 30% 40% 50% 60% 70% 80% 90%
rol cont- - ~ J \ ~ J
group rol Pr Pr
fences
Figure 6. Infection risk values for different passenger flow control strategies.
Table 5. Comparison of simulation results for different strategies.
Evaluating Indicator Reduction Rate
Strategy Infection Risk Average Dwell Infection Risk Average Dwell
Value (/) Time (s) Value (%) Time (%)
Control group 28.59 81.64 — —
Flow-control fences 24.36 98.09 14.80% —20.15%
10% 41.96 102.90 —46.76% —26.04%
20% 32.74 89.00 —14.52% —9.02%
30% 22.41 76.55 21.62% 6.23%
40% 9.40 57.92 67.12% 29.05%
PR 50% 10.48 59.68 63.34% 26.90%
60% 19.66 75.54 31.23% 7.47%
70% 21.53 84.54 24.69% —3.55%
80% 61.29 118.73 —114.38% —45.43%
90% 67.42 128.86 —135.82% —57.84%
10% 21.88 96.31 23.47% —17.97%
20% 19.14 94.86 33.05% —16.19%
30% 12.36 68.74 56.77% 15.80%
40% 14.74 77.34 48.44% 5.27%
P'r 50% 24.25 92.57 15.18% —13.39%
60% 29.27 100.97 —2.38% —23.68%
70% 31.22 104.73 —9.20% —28.28%
80% 65.25 131.92 —128.23% —61.59%
90% 66.00 135.23 —130.85% —65.64%

Notes: Bold indicates the best results.

When implementing travel reservations to manage traffic flow, optimal results are
achieved when the reservation proportion falls within the range of 40~50%. This phe-
nomenon arises due to the adverse effects of both excessively low and excessively high
rates of reservation. In the former scenario, the fast track remains underutilized, resulting in
congestion on the main track and exacerbating congestion issues. Conversely, in the latter
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scenario, the main track remains underutilized while the fast track becomes congested.
These findings align with the research conducted by Mei and Qin, with the exception that
their vehicle reservations were substituted with passenger reservations [36,37].

When travel reservations are employed in conjunction with flow-control fences, they
effectively alleviate the obstruction of the original passage. This observation aligns har-
moniously with the findings presented by Patel in the literature [31]. However, in this
study, it is imperative to exercise judicious control over the proportion of reservations,
maintaining them within the range of 30~40%. This not only reduces the risk of infection
but also enhances travel efficiency. However, when the reservation proportion surpasses
50%, the main track is no longer obstructed. Employing flow-control fences in this scenario
would counterproductively prolong the duration of passenger dwell times and increase the
risk of infection for passengers.

Figure 7 illustrates the following key findings:

1. The travel reservation strategy (reservation proportion: 40%): in this scenario, approx-
imately 80% of passengers can navigate the area within a mere 80 s, showcasing the
efficiency of this strategy.

2. The flow-control fences strategy: In this approach, nearly all individuals success-
fully navigate the flow-control fences within the initial 50 s. Subsequently, approxi-
mately 80% of the population can traverse the area within 110 s, indicating effective
flow control.

3. The combined strategy: in this strategy, in which certain passengers need to circum-
vent the flow-control fences, approximately 80% of individuals can complete the
passage within 87 s, representing a balanced compromise between the two strategies.
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Figure 7. Cumulative frequency of dwell time.

Figure 8 illustrates the fluctuations in passenger density within the internal area while
using various strategies for managing passenger flow. It becomes evident that when the
proportion of reservations is either excessively low or high, congestion develops at the
entrances labeled B and C, resulting in a lower passenger density within the internal
area. In contrast, when the reservation proportion falls within an appropriate range, the
passenger density within the internal area increases. However, it is crucial to note that
an elevated passenger density within the internal area does not necessarily equate to
congestion. Instead, it signifies that the density tends to stabilize over time, converging to a
certain value. Naturally, this outcome is also influenced by entrances A, D, E, and E.
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Figure 8. Passenger density in the internal area under different passenger flow control strategies.

3.4. Sensitive Analysis

Next, the influence of the flow-control fences’ length on various parameters was
analyzed. As shown in Figures 9 and 10, maintaining the length of the flow-control fences
B while decreasing the length of the flow-control fences C to 26.2 m results in a concomitant
reduction in both the risk of passenger infection and the average dwell time. The effect
is more pronounced alongside a reservation proportion between 30% and 40%, with 30%
emerging as the most favorable option, improving travel efficiency by 20.98% and reducing
the infection risk by 63.97%, as shown in Table 6. In comparison to the travel reservation
strategy (Table 5), a superior performance is evident across the reservation proportions
ranging from 10% to 30%.
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Figure 9. Infection risk value for different lengths of the flow-control fences C.
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Figure 10. Dwell time for different lengths of the flow-control fences C.
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Table 6. The influence of flow-control fences’ length on various parameters.

Flow-Control Fences 26.2 m in Length Flow-Control Fences 75.08 m in Length

Reduction Rate (%) Reduction Rate (%)
Strategy
Infection Risk Average Dwell Infection Risk Average Dwell
Value Time Value Time
Flow-control fences 41.17% 5.60% —38.51% —48.49%
10% 45.68% 9.62% —35.99% —41.28%
20% 47.81% 17.37% —11.68% —33.82%
30% 63.97% 20.98% 18.85% —16.05%
Combined strategy 40% 58.83% 19.52% 22.60% —10.86%
with a travel
reservation 50% 29.80% 2.41% 11.40% —14.74%
proportion of 60% 20.04% —0.62% —16.72% —25.59%
70% 6.79% —10.28% —18.85% —28.12%
80% —122.70% —44.89% —153.48% —62.33%
90% —130.88% —52.56% —144.53% —59.11%

Notes: Bold indicates the best results.

Conversely, increasing the length of the flow-control fences C to 75.08 m generates
an elevation in both passenger infection risk and average dwell time. The optimization
effect is more pronounced within a reservation proportion spanning from 30% to 40%,
with 40% emerging as the most optimal choice. In this scenario, the absence of congestion
necessitates that passengers to traverse extended distances, consequently heightening the
associated infection risk. It is obvious that the optimal reservation proportion experiences
an increase under these circumstances. This augmentation stems from the concept that, in a
non-congested fast track, a greater proportion of reservations serves to offset the prolonged
detours undertaken by non-reservation passengers, thereby increasing travel efficiency and
minimizing the infection risk; this finding aligns with Wang's research [14].

3.5. Comparative Study

In this section, we conducted a comparative study with the work of Lu et al. [39],
in which different passenger flow control strategies in metro stations were proposed and
investigated. Their strategies include: (1) controlling the inflow and outflow; (2) setting
up flow-control fences; and (3) adjusting the timetable of the trains. They examined the
efficiency of different strategies and their results suggested that reducing the inflow and
outflow of the passengers and shortening the departure interval of trains can effectively
alleviate the congestion in metro stations. In the following comparison, we first introduce
the optimal strategy from ref. [39] (defined as strategy 1) into our simulation and compare
it with the proposed strategies of our study. Then, a new combined strategy is proposed
and analyzed by incorporating the timetable of the trains into our strategy.

1.  Strategy 1: reducing the inflow by 45% and the outflow by 40%, setting the length of
the flow-control fences to 7.5 m, and setting the departure interval of line 2 to 2 min
155 [39].

2. Strategy 2: without restricting the inflow and outflow, adopting a travel reservation
proportion of pr = 40% and setting the departure interval of line 2 to 2 min.

3.  Strategy 3: reducing both the inflow the outflow by 40%, adopting the travel reserva-
tion proportion of pr = 40% and setting the departure interval of line 2 to 2 min.

We conducted different simulations using the three strategies. The results are suma-
rized in Tables 7 and 8. For the study area, as shown in Table 7, we find that if the inflow
and outflow are not restricted, the average dwell time is similar between strategy 1 and our
strategy 2, while the infection risk increases by 1.4 times that of strategy 1. When the inflow
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and outflow are restricted as they are in strategy 1, we find that the average dwell time of
our strategy 3 decreases by 36.77%, compared to strategy 1, and the infection risk reduces
by 52.82%.

Table 7. Study area simulation results under different strategies.

Evaluating Indicator Reduction Rate
Strategy Infection Risk Average Dwell Infection Risk Average Dwell
Value (/) Time (s) Value (%) Time (%)
Strategy 1 3.90 53.47 — —
Strategy 2 9.47 58.68 —142.82% —9.74%
Strategy 3 1.84 33.81 52.82% 36.77%

Notes: Bold indicates the best results.

Table 8. Study area simulation results under different departure interval of line 2.

Evaluating Indicator

Departure Interval

Infection Risk Value (/) Average Dwell Time (s)
3min40s 9.40 57.92
2 min 9.47 58.68
5 min 9.46 57.51

We further propose a new combined strategy by considering the departure interval of
the trains. Its influence on the efficiency of the combined strategy is investigated without
restricting the inflow and outflow, by adopting a travel reservation proportion of pr = 40%,
and setting the departure interval of line 2 to 3 min 40 s, 2 min, and 5 min, respectively.

For the study area, as shown in Table 8 and Figure 11, it can be observed that differ-
ent departure intervals have no significant impact on the infection risk, dwell time, and
passenger density in the study area. But for the internal area, as shown in Table 9 and
Figure 12, adjusting the departure interval of line 2 to 2 min can effectively reduce the risk
of infection, dwell time, and the passenger density in the internal area, while adjusting
the departure interval of line 2 to 5 min can lead to longer passenger dwell times and a
higher infection risk. In terms of practical operation, it is necessary to shorten the departure
interval as much as possible to increase the operational efficiency and safety level of the
entire subway station.
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o o
> (@)
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Figure 11. Passenger density in the study area under different departure intervals of line 2.



Systems 2023, 11, 555

150f18

Table 9. Internal area simulation results under different departure intervals of line 2.

Passenger density (Person/m?)

Evaluating Indicator Reduction Rate
Departure
Interval Infection Risk Average Dwell Infection Risk Average Dwell
Value (/) Time (s) Value (%) Time (%)

3min40s 18.88 66.57 — —

2 min 12.69 53.70 32.77% 19.34%

5 min 27.19 85.00 —44.03% —27.68%
1.0

— The departure interval of line 2 (3 min 40 s)
— The departure interval of line 2 (2 min)
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0.}
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Figure 12. Passenger density in internal area under different departure intervals of line 2.

4. Conclusions and Limitations
4.1. Conclusions

This study investigates three distinct strategies for the passenger flow control of a

metro station during the COVID-19 pandemic: flow-control fences, travel reservations, and
the combined strategy. Two critical indices related to passenger infection risk and travel
efficiency were analyzed and compared. The key findings of this study can be summarized
as follows:

1.

The flow-control fences strategy: The implementation of flow-control fences effectively
reduced the risk of passenger infection. However, this method extended the average
dwell time of passengers in the study area, and when the length of the flow-control
fences is 47.5 m, the travel efficiency experienced a decrease of 20.15%. It is highlighted
that excessively long flow-control fences will neither alleviate congestion nor reduce
the infection risk.

The travel reservation strategy: Introducing a fast track for users with reservations
within the travel reservation strategy demonstrated improved passenger travel effi-
ciency. In this scenario, this enhancement was most notable when the length of the
flow-control fences was 47.5 m, and the reservation proportion fell within the range
of 30% to 60%, with 40% being the optimal proportion; travel efficiency increased by
29.05% in this case. Additionally, when the reservation proportion ranged from 30%
to 70%, the risk of infection decreased, with a 40% proportion of reservations yielding
the best results, reducing the infection risk by 67.12%.

The combined strategy: Employing a strategy that combined travel reservations
and flow-control fences improved passenger travel efficiency. In this case, when
the length of the flow-control fences was 47.5 m, particularly when the reservation
proportion ranged from 30% to 40%, with 30% being the most effective proportion,
travel efficiency improved by 15.80%. Furthermore, when the reservation proportion
was within the range of 10% to 50%, the risk of passenger infection decreased, with
a 30% reservation proportion demonstrating the best results, reducing the infection
risk by 56.77%. When the reservation proportion in the combined strategy is between
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10 and 30%, its infection risk reduction is better than that of the travel reservation
strategy, but this improvement is not necessarily true for travel efficiency.

Based on these conclusions, the following recommendations are proffered to managers
of Xiaozhai metro station:

1. Inheavy passenger traffic scenarios, set an appropriate length of diversion fencing
to improve travel efficiency. Concomitantly, perform periodic assessments of the
flow-control fences’ length to ensure their alignment with the prevailing passenger
flow, thereby averting superfluous congestion.

2. Itis advisable to implement a travel reservation system and diligently oversee its use,
guaranteeing optimal outcomes across various passenger flow scenarios.

3. In the practical operation of the station, if possible, the operational efficiency and
safety level of the entire metro station can be improved by shortening the departure
intervals of trains.

4.2. Limitations
4.2.1. Flow Control Strategies

The passenger flow control strategies we considered may not be applicable to all
metro stations because the characteristics and passenger flow conditions of each station
are different. Some metro systems may have difficulty implementing a travel reservation
system because their structural layout or passenger flow situation is not suitable. And if
these strategies can be implemented in other metro stations, the determination of diversion
fence lengths and reservation ratios will require specific experiments.

4.2.2. Simulation Model

The simulation model we use simplifies the actual situation. Passengers in the model
obey the social force model and we do not consider the changes to passenger routes
caused by other reasons (security inspection, machine failures, etc.) or personal reasons
(contraband, insufficient balance, etc.).

4.2.3. The Literature Data

The data from the literature is from the peak hours of the Xiaozhai metro station, and
our findings naturally apply to situations with a high passenger flow. When the passenger
flow is small, an increase in flow-control fences may have a counterproductive effect.

Furthermore, this study does not consider the impact of cost, public acceptance, logis-
tical challenges, and the accessibility and affordability for different socioeconomic groups,
on the implementation of these flow control strategies, which would be an interesting issue
worthy of future research.
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