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Abstract. Impacts analysis of train operation on passenger flow in metro stations is an important and fundamental require-
ment to improve the operational efficiency and ensure passengers a high level of service. This study aims at large metro sta-
tions where thousands of passengers are moving, boarding or alighting and the complicated interactions among passengers 
and between passengers and other entities like stairways or trains take place all the time. A multi-agent-based approach is 
developed from the investigation of movement characteristics of passengers to meet the above requirement and deal with 
such interactions. The simulation scenarios considering the various conditions of train operations are performed in the 
case studies of a metro station in Beijing (China) to prove the feasibility of the proposed approach, which is useful to for-
mulate and evaluate the operation schemes of trains.
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Introduction

Urban rail transit systems have been rapidly expanding in 
many large cities of China over the last decade due to their 
punctual operation, high capacity and low pollution. There 
have been totally 165 urban rail transit lines of 5032.7 km 
and 3234 stations operated in 34 cities of Mainland China 
by the end of 2017. Many urban rail transit stations in 
China are actually facing the severe test on how to ensure 
passengers moving safely and efficiently inside, especially 
on the platforms with limited space. For example, more 
than 3.7 billion passengers were served by the urban rail 
transit system of Beijing in 2017. There were 23 stations 
among 54 transfer stations in the Beijing urban rail transit 
network where the average amounts of transfer passengers 
are more than 100000 per day. Thus, the issues on passen-
ger behaviours and evacuation in metro stations have been 
becoming much prevalent (Zhong et  al. 2008; Shi et  al. 
2012), particularly when facing emergencies. 

The current attentions paid to the issues relating to 
passengers in metro stations mainly focus on the collec-
tion and calibrations of valuable parameters and laws, 
formulation on passenger behaviours as well as evacua-

tion strategies and their evaluation. These necessary pa-
rameters and laws usually include arrival interval distri-
bution (Jiang et al. 2013), door open and close time (Lam 
et al. 1999), facilities capacity (Jiang et al. 2010; Qu, Chow 
2012), boarding and alighting time (Lam et al. 1999), the 
relationship between velocity or flow rate and density 
(Fang et al. 2003; Qu, Chow 2012), etc.

With regard to modelling passenger behaviours and 
evacuation strategies, much fundamental research work 
has focused on kinetics formulation, like cellular automata 
(Guo 2014), social force (Helbing et al. 2005, 2006), lattice 
gas (Huo et al. 2014), etc. The frequently used technical 
methods include field surveys and analysis (Miyoshi et al. 
2012), experiments and trials (Zhang, Seyfried 2014) and 
simulation models (Chen et al. 2012; Liu et al. 2014). A 
lot of investigations on evacuation strategies and evalua-
tion in metro stations have been continuously extended 
after the above works. They usually emphasized evacua-
tion time and routes (Ren et  al. 2014), capacity (Zhong 
et al. 2008; Wu et al. 2010), measures and procedures (Shi 
et al. 2012) for guaranteeing that passengers are able to 
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reach safety zones efficiently, even facing emergencies 
(Wan et al. 2014), through calculation, simulation and in-
telligent methods (Shi et al. 2012). 

The research efforts on the impacts analysis of train 
operation on passenger flow on platforms in metro sta-
tions are actually much necessary and significant for 
metro operators to ensure the operation of metro systems 
safety and efficient. They are very challenging tasks due 
to collecting a great amount of various field data on pas-
senger movement, formulating the decision process of 
passengers and dealing with the interactions among pas-
sengers as well as between passengers and other entities 
in a complex spatial environment like metro stations. A 
simulation approach through multi-agent technique to ad-
dress the impacts on passenger flow considering various 
train operations is proposed in this paper through imple-
menting the operational process of interactions between 
passengers and trains. The case studies with different sce-
narios are carried out to verify the feasibility and effective-
ness of the proposed method and attaining some helpful 
suggestions to support the work of metro operators.

1. Impact factors of passenger flow

The impacts on passenger flow primarily issue from the 
movement characteristics of passengers under the given 
surroundings of metro stations and operation conditions 
for trains. A group of quantitative indicators are intro-
duced to evaluate the motional features of passengers on 
platforms and impacts from various train operations.

1.1. Movement characteristics  
of passenger on platforms

The basic attributes of passenger moving on platforms are 
mainly related to the arrival time, velocity and density. The 
selections of waiting areas and exits, boarding and alight-
ing are much crucial behaviours of passengers when they 
are moving on platforms.

Arrival time distribution. The arrival of passengers 
to metro stations is usually considered as a continuously 
steady process. The passengers arrive according to a Pois-
son process, which is able to provide the best fit for the 
time interval of arrival and number of passengers. The 
probability of passengers arriving is calculated by Equa-
tion (1): 
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where: t is the rrival time [s]; k is the number of passen-
gers [person]; l is the rate of passengers [person/s].

Movement velocity and density. The movement veloc-
ity of passengers is closely related to their density. Accord-
ing to the filed investigation, the velocity is actually influ-
enced by both longitudinal and lateral effects at the same 
time (Fang et al. 2003). The former effect has a logarithmic 
relationship with the density of passengers while the lat-
ter has a linear one. The velocity of passenger movement 

v [m/s2], relating to the density of passenger flow r [per-
son/m2] within moving area, is calculated by Equation (2):
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where: r1 and r2 are the line density in longitudinal and 
lateral directions respectively [person/m]; vm is the veloc-
ity at which passengers can walk freely; a, b and l are the 
calibrated parameters due to longitudinal, lateral and in-
dividual effects; A and B are obtained according to Equa-
tions (3) and (4):
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where: r1c and r2c are the longitudinal and lateral line den-
sities when passengers are freely walking, [person/m]; r1m 
and r2m are the longitudinal and lateral line densities when 
passengers cannot move due to congestion [person/m]; 
r*

1  and r*
2  are attained by Equations (5) and (6):
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The parameters vm, r1c, r2c, r1m and r2m can be cal-
culated by field data. a, b and l can be calibrated through 
multiple regression methods according to the observed 
values v and r from field data collections.

Area selection waiting to board trains. Passengers 
need to select their positions waiting to board trains when 
they arrive on platforms. The appropriate positions are re-
quired to board trains quickly and conveniently. The ma-
jor factors to determine which area one passenger expects 
to be waiting at include the distance from the entrance 
of platforms to this area and the density there. The larger 
the distance and density are, the smaller the probability of 
position selected is. A method similar to gravity models is 
here used to investigate the selection probability.

The probability, which passengers coming from the 
platform entrance j select the waiting area i to board trains 
is calculated by Equation (7): 
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where: cj defines the number of arrival passengers within 
a train interval [person/min]; rimax indicates the permit-
ted density of passengers within the waiting area i  [per-
son / m2]; ri denotes the actual density of passengers 
within the area i [person/m2]; dij gives the distance from 
the area i to the platform entrance j; Kij is the parameter 
to be calibrated by the least-square method according to 
collected filed data. 
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Exit selection after alighting from trains. Exit selec-
tion under emergency circumstances is very difficult for 
passengers to complete. Many factors are necessarily con-
sidered during analysing the process of evacuating from 
emergency events like a fire, such as the optical density 
and temperature of smoke and the previous use of exit 
(Zhang et al. 2013). The selection of exits or routes to leave 
in the situation of normal operation is relatively simple for 
the passengers alighting from trains as they usually tend 
to one of the nearest exits to leave.

Dwell time and number of boarding and alighting 
passengers. As passenger trips using metro trains increase, 
trains will have to spend more time at stations in order 
to enable the most/all of passengers to board and alight, 
which will lead to increased dwell times. The number of 
boarding and alighting passengers as well as their con-
suming time is closely related to the dwell time of trains. 
Similar to some research on the relationships (Lam et al. 
1999; Chen et al. 2013), the dwell time of trains Tdw can be 
well fitted using a linear function in Equation (8):

− −= ⋅ + ⋅ + +dw bd bd al al op cl arr depT t N t N t t ,  (8)

where: Nbd and Nal are the number of boarding and alight-
ing passengers [person]; tbd and tal are the average con-
suming time to board and alight a train per passenger re-
spectively [s/person]; top–cl is the total time of door open-
ing and closing when trains stop at stations [s]; tarr–dep is 
the arrival and departure time of trains. These four times 
can be calibrated by collecting observed data.

1.2. Train operation conditions

Train operations greatly influence the dynamic state of 
passenger flow on metro platforms. When peak-hour de-
mand temporally exceeds the maximum loading capacity 
of a train, passengers may not be able to board the next 
arrival train fully and have to wait in queues for the fol-
lowing trains. Some operation conditions including the 
headway, synchronization of arrival time and dwell time 
of trains will be focused on when an impact of train op-
erations on passenger flow is investigated.

An even schedule with a constant headway between 
consecutive trains can reduce the total waiting time of pas-
sengers on platforms when their arrival pattern at stations 

follows some particular probability distributions, such as 
uniform and Poisson distributions (Niu, Zhou 2013). The 
coordination and synchronization between trains and 
their connecting trains can provide immediate transfer 
and little waiting time for passengers (Wong et al. 2008). 
The dwell time of trains may critically interact with the 
crowding condition on platforms. The interaction usually 
affects the behaviour of passengers and their assembling 
characteristics and also changes the operational capacity 
of metro lines (Lam et  al. 1999). Appropriate combina-
tions of the above three conditions are helpful to enhance 
the efficiency of transportation, alleviate the congestion on 
platforms and improve the overall Level Of Service (LOS). 

1.3. Evaluation indicators

The impact extent of train operations on passenger flow 
is able to be evaluated through quantificational indicators. 
The average density, distribution equitability, movement 
efficiency and average queue length of passengers are em-
ployed here to assess the impacts.

Average density. The average density is one of the most 
common indicators to depict the LOS in metro stations. 
The Transit Capacity and Quality of Service Manual (Na-
tional Academies of Sciences… 2013) gives a popular LOS 
category and recommended thresholds for passengers 
moving on walkways, doorways and stairways as listed 
within the first three columns in Table 1. 

The average density Dp to evaluate the overall con-
gestion extent of platforms, is usually attained by Equa-
tion (9):
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where: Nt is the number of passengers in studied regions 
within the duration t; T and A represent the total studied 
duration and region area respectively. 

Distribution equitability. The distribution equitabil-
ity describes detailed distribution situations of passengers 
on platforms. It is usually reflected by the temporal and 
spatial equitabilities as follows:

1)  Temporal equitability. The temporal equitability de-
fines the ratio of passenger density between maxi-
mum and average values within a given duration. 

Table 1. LOS category for passengers flow from Transit Capacity and Quality of Service Manual  
(National Academies of Sciences… 2013) 

LOS Walkways [person/m2] Queuing and waiting area 
[person/m2]

Stairways  
[person/m2]

Efficiency of occupants

Average speed [m/s] Degree of efficiency

A <0.3 <0.83 <0.53 >1.32 0…0.209
B 0.3…0.43 0.83…1.1 0.53…0.71 1.27…1.32 0.209…0.235
C 0.43…0.71 1.1…1.43 0.71…1.1 1.22…1.27 0.235…0.265
D 0.71…1.1 1.43…3.3 1.1…1.43 1.15…1.22 0.265…0.307
E 1.1…2.0 3.3…5.0 1.43…2.5 0.77…1.15 0.307…0.536
F >2.0 >5.0 >2.5 <0.77 0.536…1.0
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It is becoming better when the ratio is approaching 
1.0 and calculated by Equation (10): 

    
= max
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Ttep
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,  (10)

where: max
TD  and T

aveD  are the maximum and av-
erage densities of passengers emerging within the 
total duration T respectively [person/m2].

2)  Spatial equitability. The spatial equitability defines 
the ratio of passenger density between maximum 
and average values over different areas. Similar 
to the temporal equitability, it is becoming better 
when the ratio is approaching 1.0 and attained by 
Equation (11):

   
= max
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where: max
sptD  and t

ave
spD  are the maximum and av-

erage density of passengers through different areas 
respectively [person/m2]. 

Movement efficiency. All passengers have to move 
from entrances to boarding areas or from alighting ar-
eas to exits on metro platforms. The movement efficiency 
reports the mobility of passenger flow and calculated by 
Equation (12):
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where: vfree and vreal are the free-flow and actual velocities 
[m/s] of passengers when they are moving. Em varying 
between 0 and 1, indicates the highest efficiency move-
ment if it is approaching 0, and vice versa. A recommend 
degrees of efficiency considering the division of LOS from 
Transit Capacity and Quality of Service Manual (National 
Academies of Sciences… 2013) are given within the last 
two columns in Table 2 due to the value of free-flow veloc-
ity vfree = 1.66 m/s.

Average queue length. The average queue length in 
boarding areas represents the congestion extent and op-
erational efficiency. It is usually obtained through Equa-
tion (13):
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where: lt,k is the number of passengers queuing in the 
boarding area k within the duration interval t.

2. Multi-agent-based simulation approach

The impact analysis of train operation on passenger flow 
is a very complex issue as it is related to infrastructural 
environments, operation conditions and passenger move-
ment characteristics. The interactions between passengers, 
environments and trains involve not only space, time and 
information exchange also human decision and behav-
iours that multi-agent-based technique is a competent 
approach to handle. 

2.1. Multi-agent-based technique

The origin of agent in computer science was found during 
the early 90s last century. Multi-agent systems consisting 
of the set of agents quickly became the key issues in vari-
ous areas, which many researchers have paid much atten-
tion to, especially in engineering and technology (Niazi, 
Hussain 2011). An agent is defined as an entity that is able 
to perceive environments or other entities, make decision 
due to given rules and take actions for specific tasks. The 
basic elements of a multi-agent system contain environ-
ment, sensors, knowledge base, decision rules and actua-
tors. 

Multi-agent-based technique has a lot of transporta-
tion-related applications, which have to deal with a great 
number of issues on coordination, communication and 
negotiation among subjects (travellers, vehicles, detectors 
etc.), such as traffic signal control (Kosonen 2003), car-
pooling (Galland et al. 2014) and pedestrian interactions 
(Liu et al. 2014).

2.2. Construction and implementation  
of multi-agent model

The interactions in metro stations customize two parts, 
environment and agents. The former part covers all possi-
ble entities or facilities that passengers will pass when they 
move in metro stations, including entrances/exits, walk-
ways, corridors, rail tracks, stairways or escalators, walls, 
pillars as well as some spaces like boarding/alighting areas. 
The lengths and widths, positions, sizes and performances 
of the above entities or facilities are required to be known. 

The latter mainly contains the passenger and train 
agents moving inside metro stations. The framework 
of agents system, operational process of passengers and 
trains as well as simulation flowchart of interactions 
among environment, passengers and trains are described 
here to construct a multi-agent model for the impact anal-
ysis from train operation on passenger flow on platforms. 
Moreover, the events relating to evaluation indicators are 
established to record the above impacts.

AnyLogic is a powerful tool that is able to provide 
complex solutions through multi-agent-based and sys-
tem dynamics simulation to plan, manage, and evaluate 
pedestrian flows in public buildings like railway stations. 
Its pedestrian library is selected to construct the simula-
tion environment including platforms and tracks, entities 
(walls, pillars, barriers, stairways and escalators etc.) and 
events (simulation clock and generators) and implement 
the movement process of passengers in metro stations. 

2.2.1. Framework of agents

An agent usually involves three types of basic elements, 
perception, decision rules and actions. Moreover, the in-
teractions among agents and between agents and entities 
have to be considered to describe. The passenger and train 
agents are further framed as follows when a multi-agent 
simulation model is developed. 
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Passenger agents. Passenger agents simulate the char-
acteristics and behaviour of passengers in metro stations 
through a process of perception, decision and action. The 
perception mainly comes from the information about en-
vironment, other passenger agents and train agents. The 
decisions are made through judging the information per-
ceived by passenger agents in terms of the given rules for 
basic movement, position selection to board trains and 
exit selection to leave from trains before. The actions in-
cluding walking, boarding and alighting, selecting board-
ing areas and exits as well as interacting with other agents 
or environment are taken after perception and decision. 
The knowledge bases of passengers comprising the attrib-
utes, arrival time distribution, velocity-density relation-
ship and boarding/alighting time of passengers are also 
adopted here. The detailed framework of passenger agents 
is given in Figure 1a.

The movement process of passenger agents is ad-
dressed by the pedestrian library of AnyLogic through the 
social force model, which was initially proposed according 
to the fluid dynamics equation in 1995 (Helbing, Molnár 
1995). The social force mainly contains desire force, re-
pulsive force and attractive force with different properties 

(Wan et al. 2014) as briefly shown in Equation (14):

( ) ( )a
a a ab
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ω
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m F t F t
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where: ma and aω


 are the mass and desired velocity of 
any passenger agent a; ( )a

0F t


 denotes the desired force 
of a; ( )abF t



 represents the repulsive force between a and 
other agent b; ( )aBF t



 determines the repulsive force be-
tween a and a barrier B; ( )aiF t



 indicates the attractive 
force between a and other agent i in the same attractive 
group; x expresses the a fluctuation term that means ran-
dom variation of agent behaviour.

Train agents. Similar to passenger agents, train agents 
involve the stages of perception, decision and action, 
which are able to reflect the process of trains approach-
ing, dwelling at and leaving from stations. Combining 
the knowledge bases, which form from train attributes, 
movement characteristics and scheduling schemes, train 
agents make decisions on when and how to take actions 
on changing their movement states along tracks (arriving 
and stopping, starting and leaving), dwelling at stations, 

Figure 1. Framework of agents: a – passenger agent; b – train agents
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opening and closing doors as well as coordinating with 
other trains. The detailed framework of train agents is 
given in Figure 1b.

2.2.2. Operational process of passenger–train  
agents system 
The decision and actions of passenger and train agents 
actually constitute a complete operational process, which 
can be divided into the inflow and outflow sections ac-
cording to the movement direction of passengers. The 
former indicates how passenger agents are proceeding 
from the entrances to platforms for boarding trains. The 
latter demonstrates how passenger agents are leaving from 
trains and moving to exits. 

Inflow process of passenger agents. The inflow pro-
cess flowchart is described in Figure 2a. The passenger 
agents usually enter stations through entrances, walk on 
concourses and then arrive at platforms through stairways 
and escalators. The arrival time distribution of passengers 
calibrated from collecting field data has to be considered 
here. The passenger agents are required to determine their 
directions of movement and waiting areas boarding trains 
in the light of the position selection rule in Section 1.1. 
If train agents arrive with the given headways, passenger 
agents will board them within a boarding time, which ex-
cludes door opening and closing from dwelling time. The 
train agents depart for next stations while the inflow pro-

cess is completed. The movement of passenger agents has 
to meet the relationship between the velocity and density 
of passengers.

Outflow process of passenger agents. The outflow pro-
cess flowchart is characterized in Figure 2b. The passenger 
agents from last stations arrive at the current station and 
alight on platforms during the period between train agents 
opening and closing their doors. They select stairways or 
escalators to leave from the alighting area according to 
the exit selection rules given in Section 1.1. Similar to the 
inflow process before, the velocity–density relationship is 
employed to describe the movement of passenger agents.

The multi-agent simulation approach is proposed for 
these two processes through both aiming at the contents 
in the two dashed boxes in Figure 2 and combining the 
construction of environment. The above two processes are 
implemented using the AnyLogic in Figure 3.

2.2.3. Flowchart of simulation
The overall simulation flowchart and the contents de-
scribed in the dashed boxes in Figure 2 are further provid-
ed in Figure 4. The passenger and train agents take actions 
according to their perception to the entities and events in 
environment as well as their decision rules. Their interac-
tions, which are respectively shown in the lower left and 
right parts, are illustrated by two dashed lines and realized 
through the boarding and alighting processes. 

Figure 2. Movement process of passengers in metro stations: a – inflow process; b – outflow process
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The interaction between passenger movement and 
train operation given in Figure 4 is implemented by the 
AnyLogic in Figure 5. The boarding passengers moving 
from platforms are usually waiting and then enter trains 

while the alighting passengers from trains arrive on plat-
forms and then join the leaving passengers. The interac-
tion process is always repeated as long as passengers and 
trains constantly arrive on the platforms.

Figure 3. Modelling movement process of passengers through AnyLogic: a – inflow process; b – outflow process
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Figure 4. Simulation flowchart of the proposed multi-agent model

Figure 5. Modelling the interaction between passenger movement and train operation through AnyLogic
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3. Case studies

3.1. Setup

The Hai-Dian-Huang-Zhuang (HDHZ) station, which is 
the interchange station of Lines 4 and 10 in the Beijing 
metro network is selected here for verifying the feasibil-
ity and effectiveness of the proposed method. The amount 

of transfer passengers through the HDHZ station is more 
than 164 thousand persons per day in 2014 so that its 
platforms are often overcrowded. The setup and param-
eter preparation for the case studies is carried out due to 
collected data before the implementation of evaluating the 
impacts from train operation on passenger flow.
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Geometry of platform. The platform serving for Line 4 
in the HDHZ station is selected here, whose geometry 
is given in Figure 6. Its length and width are 112.5 and 
13  meters respectively. There are totally two stairways 
(both directions) and four escalators (two up- and down-
direction respectively) connecting the platform and twen-
ty-four boarding/alighting areas where passengers will 
board or alight from the trains with six cars every several 
minutes. The stairways, escalators and platform (R1, R2 
and R3) are considered as three different regions to evalu-
ate passenger flow in the case studies. 

The time distribution of passengers arriving on the 
platform for alighting trains yields to a Poisson distribu-
tion. The average arrival rate is about 14200 passengers 
(including all from stairways and escalators) per peak 
hour according to filed survey. The train headways usu-
ally vary from 120 to 180 s during peak hours and the 
minimum headways is 107 s. The average differences of 
arrival time between up- and down-direction trains are 
about 60 and 82 s. The average dwell time of trains is 38 s.

Density–velocity relationship of passengers. The ve-
locity of passengers usually varies with their density when 
they are walking. However, escalators are required to run 
at a nearly constant speed (GB 50157-2013). The relation-
ship between density and velocity is able to be investigated 
through Equations (2) to (6). Six crucial parameters for 
line densities in these equations are obtained through a 
field survey in the HDHZ station, where r1c, r2c, r1m, r2m, 
r*

1  and r*
2  respectively equal to 0.67, 1.0, 2.6, 1.43, 1.64 

and 1.22 persons/m. The equations or value for the above 
relationship are calibrated due to the observed density and 
velocity and then summarized in Table 2. 

Table 2. Fitting results on the density–velocity relationship  
of passengers

Positions Passenger walking speed [m/s] R-square

Platform ( ) ( )r = − ⋅ r − ⋅r0.773 0.027 ln 0.107v 0.921

Upstairs ( ) ( )r = − ⋅ r − ⋅r0.915 0.025 ln 0.205v 0.904

Downstairs ( ) ( )r = − ⋅ r − ⋅r0.885 0.126 ln 0.137v 0.924

Escalators 0.87 –

Parameter calibration for the boarding area selection 
model. There are twenty four boarding areas to select for 
passengers from the platform entrances in the HDHZ sta-
tion. The selection method given by Equation (7) is em-
ployed to calculate the probability of selection. The field 
data of passenger distribution between platform entrances 
and boarding areas Pij is very hard to be attained due to 
a great number of passengers and their complicated tra-
jectories. Thus, Equation (7) has to be transformed into 
the other expression Equation (15). For any boarding area 
i, the total selection probability from all entrances (two 
platforms entrances totally here) ∑ ij

j
P  are easily attained 

according to a field survey. A multiple linear regression 
method is engaged in calibrating the parameter Kij for the 
boarding area i after Equation (15) is transformed using 
logarithm function:

( )r −r ⋅
= ⋅∑ ∑ max

2
i i j

ij ij
ijj j

c
P K

d
.  (15)

Thirteen groups of filed data over different time pe-
riods on ∑ ij

j
P , rimax, ri, dij and cj for the boarding area 

i are collected and then calculated. The results on the 
calibrated parameter Kij, including the values and their R-
squares, are listed in Table 3.

Average time for boarding and alighting. The duration 
of passenger boarding or alighting is closely related to the 
operation of trains and number of passengers and usually 
calculated by Equation (8). The main parameters required 
are obtained through the investigation in the HDHZ sta-
tion and their results are listed in Table 4.

The above work is imported as basic configurations 
into the multi-agent-based simulation approach proposed 
in Section 2. The further research and analysis combining 
train operations is carried out in the following sections.

3.2. Simulation scenarios

The simulation scenarios in the case studies are parti-
tioned into three groups as listed in Table 5 according to 
the variances of train headways, differences of arrival time 
between up- and down-direction trains and dwell times 
of trains. 

Figure 6. Geometry of the platform in the HDHZ station for the case studies

Car of trains Boarding/alighting area Stairs for two-way passenger flow

Escalator for upgoing passengers Escalator for downgoing passengers

Directions of passenger flow Pillars North arrow
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Table 3. Calibration results of the parameters for the boarding 
area selection model

No of areas i Kij, j =1 Kij, j = 2 R-square

1 1.628 87.582 0.830

2 1.713 47.702 0.845

3 0.631 82.597 0.806

4 0.515 50.288 0.826

5 0.273 59.318 0.861

6 0.289 33.695 0.852

7 0.453 17.632 0.809

8 1.411 2.346 0.898

9 4.452 19.786 0.874

10 5.057 7.753 0.856

11 3.748 21.715 0.863

12 8.318 5.359 0.926

13 3.760 15.538 0.824

14 5.592 7.878 0.833

15 4.882 8.088 0.878

16 9.596 2.880 0.852

17 5.726 3.154 0.837

18 8.445 1.470 0.872

19 14.945 0.469 0.884

20 16.217 0.405 0.875

21 15.700 0.761 0.842

22 17.756 1.474 0.870

23 22.488 2.202 0.867

24 22.170 3.978 0.864

Table 4. Collected time-related parameters for the calculation 
of dwell time

Terms Mean [s] Standard deviation [s]

Boarding time  
of passenger tbd

1.013 0.230

Alighting time  
of passenger tal

0.984 0.202

Door open and close  
time top–cl

2.25 0.311

Arrival and departure 
time of trains tarr–dep

5.95 0.724

The first group involving eight cases (H1 to H8) fo-
cuses on the impacts due to different train headways from 
90 to 240 s. The second group with five cases (DI1 to DI5) 
concentrates the influences from changing the differences 
of arrival time of between up- and down-direction trains 
under the five optimal train headways (H1, H3, H5, H7, 
H8). The last group including 5 cases (DT1 to DT5) con-
cerns the effects from various dwell times of trains con-
sidering the combinations of the optimal headways and 
differences of arrival time between trains ((H1, DI1*), (H3, 
D21*), (H5, DI3*), (H7, DI4*), (H8, DI5*)). 

3.3. Results and analysis

The above scenarios are carried out to analyse the impacts 
from train operations through the proposed multi-agent-
based simulation approach. The detailed results due to the 
evaluation indicators given in Section 1.3 and correspond-
ing analysis are summarized as below.

3.3.1. Train headway 
Train headways have various impacts on passenger flow 
through the results in Table 6, which are obtained by eight 
simulation scenarios with different train headways. 

The average densities of passengers within three re-
gions (stairways, escalators and platform, i.e., R1, R2 and 
R3) show some dissimilarities when trains headways in-
crease from 90 to 240 s. The average density on stairways 
constantly becomes larger with train headways since the 
accumulation of in-flow passengers have a stronger impact 
on stairways than the evacuation of out-flow passengers; 
the average density through escalators oscillates irregu-
larly as it is mainly related to the capacity of escalators 
and random arrival of passengers; the average density on 
the platform firstly decreases and then increase as many 
passengers on trains will frequently arrive in a short time 
if the headway is small while a large number of passenger 
will be waiting a longer time for trains if the headway is 
large.

The temporal equitabilities of passenger distribution 
exhibit the differences over time on the stairways, escalators 
and platform. It totally decreases on the stairways as train 
headways increase, which indicates that long train head-
ways can allocate passengers more evenly there while the 
opposite situations occur on the escalators and platform.  

Table 5. Simulation scenarios in the case studies when operation conditions vary

Operation 
conditions Simulation scenarios

Headway [s] H1 H2 H3 H4 H5 H6 H7 H8
90 105 120 135 150 165 180 240

Difference of 
arrival time [s]

DI1(H1) DI2(H3) DI3(H5) DI4(H7) DI5(H8)
Every one fourth of headway (0H, 0.25H, 0.5H, 0.75H)

Dwell time [s] DT1(H1, DI1*) DT2(H3, DI2*) DT3(H5, DI3*) DT4(H7, DI4*) DT5(H8, DI5*)
From 20 to 70 every 10 s

Note: * indicates the recommend difference of train arrival time under a given headway.
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The increasing spatial equitability with train headways 
reveals that a long train headway leads the unequally dis-
tribution of passengers in space among the stairways, es-
calators and platform.

The efficiencies of passengers moving on both the 
stairways and platform constantly descend when train 
headways are prolonged, especially on the platform where 
the incremental queue of passengers to board trains dete-
riorates the movement efficiency more obviously than on 
the stairways.

3.3.2. Arrival time coordination between  
up and down trains
The differences between the arrival times of trains in up 
and down directions obviously affect the passenger flow 
performance. The average density, temporal and spatial 
equitabilities, movement efficiency and average queue 
length through Scenarios DI1 to DI5 are given in Table 7 
and Figure 7. 

Table 7. Evaluation indicators considering difference  
of arrival time

Difference of arrival time [s] 0H 0.25H 0.5H 0.75H

Av
er

ag
e 

de
ns

ity

DI1
R1 2.28 2.34 2.15 2.27
R2 1.93 1.82 1.72 1.85
R3 1.64 1.59 1.54 1.58

DI2
R1 2.73 2.68 2.51 2.64
R2 1.75 1.69 1.62 1.71
R3 1.72 1.64 1.57 1.63

DI3
R1 2.82 2.77 2.67 2.74
R2 2.13 2.04 1.95 2.01
R3 1.72 1.69 1.62 1.67

DI4
R1 2.78 2.96 2.86 3.06
R2 1.96 1.87 1.79 1.86
R3 1.70 1.64 1.61 1.65

DI5
R1 2.80 2.74 2.70 2.77
R2 2.02 1.92 1.91 1.94
R3 2.51 2.43 2.39 2.45

Difference of arrival time [s] 0H 0.25H 0.5H 0.75H

Te
m

po
ra

l e
qu

ita
bi

lit
y 

of
 p

as
se

ng
er

 d
ist

rib
ut

io
n DI1

R1 1.83 1.77 1.69 1.76
R2 1.79 1.75 1.72 1.73
R3 1.62 1.52 1.49 1.53

DI2
R1 1.66 1.63 1.56 1.62
R2 1.89 1.87 1.79 1.84
R3 1.64 1.59 1.55 1.61

DI3
R1 1.73 1.69 1.64 1.70
R2 2.03 1.97 1.92 1.98
R3 1.87 1.81 1.72 1.77

DI4
R1 1.77 1.63 1.69 1.81
R2 2.23 2.11 2.05 2.13
R3 1.94 1.85 1.79 1.89

DI5
R1 2.05 1.94 1.92 1.97
R2 2.26 2.17 2.07 2.15
R3 2.14 2.03 2.01 2.07

Effi
ci

en
cy

 d
eg

re
e

DI1
R1 0.763 0.755 0.749 0.756
R3 0.633 0.630 0.629 0.631

DI2
R1 0.763 0.761 0.754 0.759
R3 0.645 0.642 0.642 0.643

DI3
R1 0.778 0.769 0.765 0.772
R3 0.655 0.653 0.652 0.653

DI4
R1 0.806 0.825 0.815 0.836
R3 0.654 0.643 0.638 0.645

DI5
R1 0.821 0.813 0.809 0.812
R3 0.772 0.769 0.768 0.771

The average densities almost firstly decline and then 
increase with the difference of train arrival time from Ta-
ble 7, which reveals that the congestion level of passengers 
on the stairways, escalators and platform will approach the 
minimum if two trains in up and down directions arrive 
with a certain time interval that usually is about a half of 
train headways. The identical results on temporal and spa-
tial equitabilities, movement efficiency and average queue 
length of passengers are obtained from Table 7 and Figure 7.  

Table 6. Simulation results of eight scenarios with different train headways

No. of Scenarios H1 H2 H3 H4 H5 H6 H7 H8

Average density 
[person/m2]

R1 2.27 2.44 2.48 2.67 2.65 2.81 2.90 3.01
R2 1.77 1.67 1.59 1.87 1.90 1.86 1.78 1.14
R3 1.87 1.80 1.61 1.65 1.67 1.57 1.60 1.78

Temporal 
equitability

R1 1.71 1.64 1.66 1.69 1.63 1.63 1.65 1.59
R2 1.75 1.79 1.81 1.86 1.93 2.03 2.07 2.41
R3 1.50 1.52 1.59 1.64 1.76 1.79 1.81 1.88

Spatial equitability 1.97 2.03 2.05 2.08 2.09 2.2 2.21 2.42

Efficiency of movement
R1 0.74 0.77 0.75 0.79 0.76 0.81 0.82 0.83
R3 0.53 0.58 0.61 0.62 0.63 0.64 0.66 0.74

Average length of queue [person] 6.96 8.16 8.83 9.87 13.12 15.01 15.99 17.61

End of Table 7
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The operational performance of passenger flow will reach 
a maximum value if the differences of train arrival times 
between up and down directions can be kept closely to a 
half of train headways.

3.3.3. Dwell time of trains

The passenger flow performances considering the effects 
from the dwell times of trains, which vary from 20 to 70 s 
with an interval of 5 s are reported in Table 8 and Figure 8 
through Scenarios DT1 to DT5 where the arrival intervals 
between up and down trains are approximately set to a 
half of train headways. 

The average densities of passengers on the stairways 
and escalators oscillate with the dwell time of trains from 
Table 8 while the average density on the platform continu-
ously descends when the dwell time increases. It indicates 
the passenger density on the platform is negatively related 
to dwell times. 

The temporal equitabilities on the stairways and esca-
lators have the similar treads as average densities. How-
ever, the temporal equitability on the platform has a low-
est section of values, which shows that the corresponding 
sections of dwell time (highlighted by the digits in bold/
italic type in Table 8) are recommended to be employed 
for Scenarios DT1 to DT5.

The spatial equitabilities among the stairways, escala-
tors and platform deliver some certain features for Scenar-
ios DT1 to DT5. For any scenario, the spatial equitability 
always goes down firstly and then up in Figure 8a, which 
demonstrates that the optimal dwell time of trains will be 
situated from 30 to 60 s. Furthermore, the optimal values 

generally rise with the train headways in Scenarios DT1 
to DT5.

The average length of passengers queuing within the 
boarding areas has a relatively simple changing trend with 
the dwell time of trains. It is always decreasing over the 
dwell time for the five scenarios DT1 to DT5.

The LOS of passengers on the stairways is designated 
into Level F while those on the escalators and platform are 
both identified between Level C and D in the case stud-
ies due to density. The LOS due to speed or efficiency on 
the stairways and platform are ascertained as Level F. The 
trends of temporal equitability among stairways, escala-
tors and platform are quite complex, especially when train 
headways, differences between the arrival times of trains 
in up and down directions as well as dwell times of trains 
are changing. The temporal equitability on platform is 
generally the best if the train headway is small. However, 
the temporal equitability on escalators deteriorates the 
fastest with the increase of train headway.

Conclusions

The impacts analysis of train operation on passenger flow 
is a crucial component to ensure the low risk and high 
efficiency of operational management in metro stations. 
A multi-agent- based approach is developed and imple-
mented in the study after addressing the impact factors 
including movement characteristics and train operation 
conditions and extracting the corresponding evaluation 
indicators. The case studies are performed to verify the 
effectiveness of the proposed approach based on actual 
traffic data. 

Figure 7. Spatial equitability (a) and average queue length  
(b) considering difference of arrival time
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Figure 8. Spatial equitability (a) and average queue length  
(b) when the dwell time of trains varies
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Appropriate train operation conditions, like headways, 
differences between the arrival times of trains and dwell 
times, are pivotal for metro operators to improve opera-
tional performance. The methodology approach proposed 
here is helpful to identify recommended configurations of 
train operation conditions through evaluating the perfor-
mance of passenger movement on platforms in metro sta-
tions. It is also able to be supportive to train scheduling 
issues through extending the investigation and analysis of 
passenger behaviours in future work.
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Table 8. Evaluation indicators when the dwell time of trains varies

Dwell time [s] 20 25 30 35 40 45 50 55 60 65 70

Av
er

ag
e 

de
ns

ity

DT1
R1 2.24 2.39 2.44 2.31 2.33 2.19 2.27 2.35 2.48 2.21 2.20
R2 1.78 1.63 1.84 1.79 1.73 1.64 1.77 1.52 1.69 1.75 1.73
R3 1.79 1.71 1.6 1.58 1.59 1.56 1.53 1.48 1.43 1.39 1.36

DT2
R1 2.62 2.51 2.48 2.56 2.71 2.63 2.47 2.81 2.56 2.43 2.42
R2 1.78 1.63 1.84 1.79 1.73 1.64 1.59 1.52 1.69 1.75 1.76
R3 1.84 1.77 1.63 1.61 1.56 1.57 1.57 1.53 1.5 1.47 1.45

DT3
R1 2.67 2.91 2.92 2.89 2.72 2.77 2.61 2.74 2.81 2.66 2.69
R2 1.79 1.69 1.82 1.74 1.93 1.92 1.97 1.84 1.77 1.8 1.72
R3 2.29 2.13 2.05 1.83 1.64 1.62 1.6 1.59 1.62 1.62 1.62

DT4
R1 2.93 2.74 2.69 2.96 2.87 2.89 2.67 2.85 2.99 2.69 2.70
R2 1.66 1.99 1.85 1.89 1.98 1.86 1.89 1.94 1.88 1.93 1.87
R3 2.36 2.17 1.99 1.89 1.73 1.69 1.68 1.68 1.66 1.67 1.65

DT5
R1 2.98 2.87 2.84 2.47 2.91 2.69 2.71 2.88 2.9 2.73 2.79
R2 2.21 1.89 1.89 1.91 1.89 1.93 1.9 1.91 1.82 1.95 1.86
R3 2.77 2.71 2.64 2.66 2.51 2.42 2.37 2.12 1.94 1.91 1.87

Te
m

po
ra

l e
qu
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bi

lit
y 

of
 p
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ng
er

 d
ist

rib
ut

io
n

DT1
R1 1.74 1.55 1.59 1.62 1.79 1.69 1.71 1.69 1.58 1.73 1.67
R2 1.67 1.72 1.86 1.74 1.83 1.69 1.75 1.82 1.77 1.79 1.76
R3 1.58 1.49 1.41 1.42 1.49 1.48 1.51 1.56 1.59 1.64 1.66

DT2
R1 1.69 1.65 1.57 1.62 1.53 1.57 1.55 1.66 1.62 1.51 1.59
R2 1.73 1.82 1.78 1.75 1.83 1.8 1.78 1.79 1.88 1.72 1.76
R3 1.61 1.58 1.46 1.47 1.5 1.53 1.56 1.59 1.62 1.67 1.67

DT3
R1 1.93 1.64 1.72 1.91 1.82 1.66 1.63 1.74 1.92 1.69 1.72
R2 1.95 1.81 1.79 1.97 1.88 1.94 1.91 1.89 1.85 1.99 1.98
R3 1.99 1.93 1.85 1.73 1.72 1.69 1.75 1.77 1.82 1.79 1.84

DT4
R1 1.92 1.95 2.1 1.59 1.64 1.76 1.56 1.89 2.03 1.78 1.89
R2 2.14 2.04 2.15 2.07 2.09 2.12 2.11 2.12 2.08 2.16 2.21
R3 1.98 2.06 2.16 1.99 1.84 1.81 1.83 2.19 2.21 2.31 2.37

DT5
R1 1.76 1.88 1.8 1.92 1.69 2.1 1.92 1.83 2.01 1.89 1.82
R2 2.22 2.13 1.97 2.02 2.11 2.03 2.1 1.93 2.01 2.1 2.15
R3 2.43 2.39 2.31 2.29 2.09 2.02 1.99 1.91 1.9 2.11 2.19

Effi
ci

en
cy

 d
eg

re
e

DT1
R1 0.734 0.726 0.723 0.747 0.744 0.761 0.745 0.762 0.759 0.749 0.766
R3 0.665 0.657 0.646 0.646 0.642 0.631 0.628 0.622 0.603 0.584 0.582

DT2
R1 0.741 0.769 0.812 0.791 0.8 0.769 0.751 0.823 0.789 0.803 0.812
R3 0.693 0.689 0.651 0.646 0.639 0.643 0.641 0.623 0.611 0.6 0.597

DT3
R1 0.761 0.789 0.821 0.814 0.807 0.784 0.763 0.816 0.774 0.806 0.791
R3 0.744 0.74 0.707 0.684 0.653 0.654 0.648 0.65 0.643 0.641 0.638

DT4
R1 0.822 0.801 0.796 0.825 0.816 0.818 0.793 0.814 0.829 0.796 0.821
R3 0.756 0.73 0.703 0.687 0.65 0.653 0.651 0.651 0.647 0.649 0.643

DT5
R1 0.798 0.832 0.802 0.788 0.821 0.811 0.799 0.823 0.805 0.791 0.815
R3 0.821 0.813 0.8 0.791 0.774 0.77 0.762 0.745 0.736 0.747 0.729
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