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ABSTRACT Urban rail transit (URT) is an essential mode of travel used for evacuating passengers from
railway stations. To provide timely and safe connecting services for passengers arriving at railway hubs,
it is recommended for URT operators to develop a coordinated connection scheme considering the periodic
incoming volume of railway passengers. According to the fluctuation characteristics of the large passenger
flows in railways, this paper presents a reasonable scheme for increasing the capacity of URT trains. First,
a method for calculating the effective evacuation capacity of URT trains and determining the time range
that should be optimized according to the transportation capacity matching degree is proposed. The dwell
time and departure interval are taken as decision variables in this adjustment period. Two constraints are
considered: capacity convergence and themaximum safe capacity of the platform. Based on the consideration
of reserved capacity for subsequent sections, the objective is to optimize the degree of matching between
the effective evacuation capacity of the URT and the transfer demand of the arriving railway passengers.
A multi-objective nonlinear integer-programming model is established for the coordinated connection of
URT trains with large passenger flows, and a solution process of a train connection scheme is designed that
involves a genetic algorithm. Finally, the effectiveness of the proposed model and algorithm is analyzed and
verified by considering the Shanghai Hongqiao Hub—a transfer station between a high-speed railway and
URT—as an example.

INDEX TERMS Urban rail transit, connection scheme, passenger evacuation, integer programming, genetic
algorithm.

I. INTRODUCTION
Urban rail transit (URT) is the most important evacuation
mode for railway hubs. With the continuous expansion of
the Chinese high-speed rail network, the passenger flow in
railway hubs is increasing. At present, URT is operated in
a growing number of Chinese cities. An important aspect
of urban planning is the design of connections between the
URT and railway hub stations. According to previous stud-
ies [1]–[5], in China, nearly 50% of the passengers arriving
at a railway hub choose URT to transfer for economic and
convenience reasons, representing a large demand (Table 1).
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An insufficient capacity of URT at a railway station may
lead to crowding in transfer corridors or on URT platforms,
creating a capacity bottleneck and increasing the safety risk.
Additionally, the passenger flow of the railway can signif-
icantly increase in a short period of time, and this dura-
tion within which increase occurs is unpredictable. Most
of the passengers require the URT to evacuate, but URT
schedules often fail to consider these sudden large incom-
ing passenger flows, which ultimately results in increased
passenger transfer times. Passengers may even have to wait
for a second train on the URT platform, which affects their
travel efficiency. Therefore, owing to the large passenger
flow demand of railway hubs, it is necessary to optimize
the train connection scheme of URT and rationally allocate
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TABLE 1. Transfer sharing rate for passengers in Major Railway Hubs in China.

FIGURE 1. Comparison of capacity matching before and after adjustment.

the system capacity resources to alleviate crowding in trans-
fer corridors and on URT platforms and realize the best
match between the passenger flow demand and the transport
capacity.

Based on the aforementioned research, we investigated the
situation of large passenger flows in railway hubs. To reduce
the risk of passenger jams and secondary queuing on the plat-
form, the URT transport organization must be able to handle
the passenger flow from the railway station. Additionally,
the URT operator must be able to identify the times of large
passenger flows in advance. The operator should identify
the period when the capacity does not match the demand to
achieve matching between the two transport modes. Using
the railway operation plan and historical passenger flow data,
the period of large passenger flows in the railway hub can
be analyzed. Then, according to the AFC (Automatic Fare
Collection System) data of URT, the periods of mismatch
between the URT and railway are identified. Within this time
range, considering the train transportation capacity and the
limited capacity of the station, two constraints are identified:
the connections and the passenger safety. To improve the
efficiency of URT, an optimization model of the train connec-
tion plan is established. The model optimizes the degree of
matching between the URT capacity and the transfer demand
and achieves the minimum transfer waiting time for all the
passengers.

At present, the URT operation plan only considers the char-
acteristics of its own passenger flow and disregards the impact
of the large passenger flow of the railway, and the condi-
tions considered in URT are relatively simple. As shown
in Fig. 1(a), the URT operation plan is often periodic, and
the capacity of the trains passing through the railway station
in the entire day is relatively constant with only considera-
tion of the internal passenger of URT. The capacity cannot
satisfy the fluctuation of the large passenger flow demand in
the railway hub. If the URT operation plan can be adjusted
flexibly according to the fluctuation of the passenger flow in
the railway hub and the train operation interval, the amount
of transport resources wasted can be reduced, and situations
of insufficient transport capacity can be avoided, as shown
in Fig. 1(b).

II. RELATED WORKS
With the development of URT, scholars have investigated
the transfers and connections between URT and many other
transport modes. The transfers and connections between URT
and buses is a popular research topic in passenger multimodal
transport. The two main research areas are a) optimization of
the layout of station or transfer facilities [6]–[8] and b) opti-
mization of the lines or schedules of the bus for connecting to
URT [9]–[12]. In view of the unexpected interruption of URT,
Jin et al. [13] proposed optimizing the bus-bridge service to
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TABLE 2. Comparison of related publications on URT–railway services with our work.

better evacuate stranded passengers. Gu et al. [14] proposed
a two-stage integer programming model to formulate flexible
bridge routes and allocate buses. Kang et al. [15] addressed
the connection between the last URT train and the bus.
A mixed-integer linear programming model was established
for maximizing the number of transfer passengers on the
last train and minimizing the waiting times for URT-to-bus
passengers. Optimization results for the last train timetable
and bus-bridge services were obtained to improve the transfer
success rate of URT-to-bus passengers.

Research on URT–railway service mainly focuses on facil-
ity layout, design planning, and transfer scheme evaluation.
Zhen et al. [16] proposed the construction of an integrated
urban passenger rail transit system. A bi-level programming
model of the layout of the integrative urban rail transit
line station based on the alternative use mode was estab-
lished to optimize the layout of the integrative URT sta-
tion. Scholars [17]–[19] have comprehensively evaluated the
interchange performance and passenger evacuation capac-
ity service level of railway hubs and optimized the hub
infrastructure design, transfer flow lines, etc. The objective
of aforementioned research is typically the internal struc-
ture and transportation organization of the hub; only the
capacity of the transfer facilities is studied. These scholars
could only evaluate the transfer service of railway stations
qualitatively; they could not solve the problem of unbal-
anced supply and demand between the URT and railway.
Few scholars have investigated the cooperative operation
between URT and railway. To achieve joint operation among
regional rail transit, URT, and major bus lines, Liu [20]
developed a joint operation coordination model to optimize
the joint operation, which reduces the waiting and transfer
costs for passengers. Li et al. [21] considered the dynamic
passenger flow distribution and established a multi-objective
programming model that minimizes the total waiting time

of passengers at the station and the energy consumption
of train operation. The fuzzy multi-objective optimization
algorithm was used to solve the model to obtain the opti-
mal one-direction URT-to-railway connection timetable. Var-
ious studies have been performed on URT–railway inter-
modal transport, and Table 2 presents a comparison of
the research topics, methods, and considerations. However,
there exist deficiencies and even gaps regarding several
aspects:

1) In a transfer hub, operators should pay more attention
to the dynamic demand of transfer passenger flow.
The operator should adjust the connection schedule
according to the demand–capacity matching degree
reasonably and accurately.

2) In most of the aforementioned studies, only the waiting
time of passengers was considered; the matching rela-
tionship between the capacity and transfer demand was
ignored.

3) The transfers and connections are directly restricted by
the train capacity and platform carrying capacity. How-
ever, in most of the aforementioned studies, the lim-
itations of the train capacity and platform carrying
capacity were not explicitly considered.

The key to resolve the connection problem between URT
and railway is to optimize the connection scheme of URT
at railway stations to adjust the transportation capacity and
to develop a periodic timetable based on the number of
arriving railway passengers. There is abundant experience
for optimizing the URT operation plan. The operation plan
is optimized by adjusting the timetables [22]–[24], the route
scheme [25], and the skip-stop operation [26], [27]. Accord-
ing to these studies, adjustment means and timetable experi-
ence in the train operation plan provide some reference value
for this work. Additionally, in almost all the aforementioned
studies and URT–bus studies [9]–[12], the objective was to
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reduce passenger waiting (transfer) time. Therefore, in the
present study, the minimum passenger waiting time at the
transfer station was one of the optimization goals. Some
studies focused on optimization of timetable for the connec-
tion in one kind of railway transit network. For example,
Kang et al. [28], [29] quantitatively analyzed the relationship
between the transfer connection time and the waiting time of
passengers and established optimization models for the first
and last URT train transfer respectively to increase the num-
ber of passengers that could successfully transfer. Accord-
ing to the accurate OD demand of railway, Niu et al. [30]
proposed a systematic schedule synchronization approach
involving two interconnected lines for transferring passengers
from one rail line to another. However, in these studies,
the period to be optimized was generally fixed, i.e., the peak
period of transfer demand or the beginning and end periods
of operation. For the connection between URT and railway,
the period to be optimized is not fixed; it is determined by the
demand–capacity relationship. For example, Wu et al. [31]
andWang et al. [32] proposed timetable synchronization opti-
mization methods for optimizing the passenger transfer wait-
ing time according to the time-dependent demand and train
capacity. For a bus system,Wu et al. [33] examined the multi-
objective re-synchronization of the timetable. According to
the sensitive passenger flow demand and uneven headways,
NSGA-II (Non-dominated Sorting Genetic Algorithm II) is
used to optimize the bus connection time at the interchange
station. The matching of URT–railway transfer is related to
the operation plans and the number of passengers. There is
no fixed peak period for passenger transfer. Therefore, this
work proposes an optimization period determination method
based on the matching of URT–railway supply and demand
relationships, which can accurately identify the time range
that should be adjusted according to the fluctuation of railway
arriving passengers.

In summary, (1) few studies have been performed on the
transfers and connections between URT and railway. Most of
them focused on the level of planning and design. Research
on the supply–demand relationship betweenURT and railway
still needs to be solved urgently. (2) Numerous studies have
been performed on the optimization of URT operation plans.
In most of them, the internal passengers of the URT net-
work or the transfer with a bus system were considered. The
optimization goals were generally to minimize the transfer
time of passengers and improve the success rate of transfers.
A few studies have been performed on the optimization of
the connection between a train and a railway. The transfer
demand between these two modes is becoming increasingly
significant; thus, in the present study, the impact of a large
railway passenger flow on URT was considered, and the
transfers and connections were optimized by adjusting the
operation organization of the URT. This research makes a
significant contribution to the optimization of passenger mul-
timodal transport.

The main objectives of the present study are as
follows:

1) According to an analysis of the fluctuation of the rail-
way arriving passenger flow, the relationship between
the URT timetable and the railway arriving passengers
is investigated, and a method for calculating the effec-
tive evacuation capacity of URT trains is proposed.
According to the dynamic passenger flow demand,
the time period of mismatch between the URT and
railway capacity is determined.

2) Considering the reserved capacity for subsequent sec-
tions in the URT line and the impact of a large passen-
ger flow on other stations, the passenger flow control
strategy [34]–[37] is used as an auxiliary means in the
URT station.

3) A multi-objective nonlinear integer programming
model considering the capacity convergence and plat-
form safety constraints is established. It is mainly based
on optimizing the train connection plan and supple-
menting the adjustment of the passenger flow control.
It is necessary to ensure the rapid evacuation of passen-
gers and the reserve capacity of subsequent sections.

4) A solution method for the URT connection timetable
based on a genetic algorithm (GA) is designed, and a
case study is examined to prove the effectiveness of the
model and algorithm.

III. CHARACTERISTICS OF FLUCTUATION OF RAILWAY
PASSENGER FLOW
Usually, the passenger flow arrives at a railway station via
URT with a normal distribution. The process is slow, and
the passenger flow is relatively uniform. However, the distri-
bution of the flow of arriving railway passengers is uneven,
exhibiting significant fluctuations within a day. This is
because the arrival time of railway trains is non-uniformly
distributed throughout the day, with peak periods, and the
passenger transfer to URT is concentrated in a period after
the railway train arrives. When a railway train arrives, the
passenger flow leads to a sharp increase in the number of
passengers in a short period. Owing to the different times
and numbers of train arrivals, the high-speed railway stations
in different cities have different peak periods of passenger
flow. However, the peak time of URT is obvious and fixed
(usually in the morning and evening). When the arrival peak
period of a railway station coincides with the peak period of
URT, the passengers may not be able to board, owing to the
limited remaining space in the carriages. Moreover, the oper-
ating department may apply passenger inflow control at URT
stations to reserve capacity for subsequent sections. If the two
periods do not coincide, for example, when a large passenger
flow coincides with the non-peak period of URT, the arriving
railway passengers cannot evacuate quickly and are stranded
on the URT platform. The following is an example of the
operation data of Hongqiao High-Speed Railway Station on
March 1, 2017.

In Fig. 2, the abscissa indicates the operation time of each
day, and the ordinate indicates the number of trains arriv-
ing at Hongqiao High-Speed Railway Station in that hour.
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FIGURE 2. Arrival of trains at Hongqiao high-speed railway station.

According to the data, the average number of trains arriv-
ing per hour was >15. At 13:00–15:00, 17:00–19:00, and
19:00–22:00, there are significant fluctuations in the number
of high-speed railway trains arriving. In this stage, the crest
corresponds to approximately 24 trains, and the trough corre-
sponds to approximately 13 trains.

As shown in Fig. 3, the trend of the flow of the arriving
railway passengers throughout the day is consistent with the
trend of the train arrivals but is not exactly the same. This
is related to the rated capacity and occupancy rate of the
trains when they arrive at the station. The passenger flow
peaks at 14:00–16:00, 18:00–19:00, and 21:00–23:00.Within
the period of 10:00–22:00, the passenger flow for trains
can increase by 10000 in 1 h, and there are approximately
5000 passengers transferring to URT. The fluctuation of this
large passenger flow significantly affects the URT system.
If the passengers encounter the peak period at the railway
station, the URT cannot evacuate the passengers quickly and
safely, resulting in stranded passengers. Therefore, it must be
determined whether it is necessary to adjust the URT–train
connection plan to match the suddenly increased passenger
flow demand.

IV. METHOD OF DETERMINING ADJUSTMENT TIME
RANGE
According to the characteristics of the fluctuation of the large
passenger flow of the railway station, this work proposes a
method for determining the adjustment period of the URT
connection plan within 1 d. The purpose is to ensure that
the URT establishes a link to the large passenger flow of the
railway hub in terms of time.

A. DETERMINE EFFECTIVE EVACUATION CAPACITY OF URT
TRAINS
The capacity of URT is the key to satisfy the demand of
passengers arriving at the station. In this study, the effective
evacuation capacity of the URT is defined as the number of

FIGURE 3. Arrival of passengers at Hongqiao high speed railway station.

FIGURE 4. Example diagram of the effective evacuation capacity of trains.

passengers that each train can evacuate during the dwell time.
It is determined by the minimum value between the residual
capacity of the train and the number of people who can board
the train during the dwell time. In Fig. 4, the residual capacity
of the train in Example A is lower, the number of passengers
in the train reaches the maximum capacity in in a short time
(< dwell time), which leads to passengers stranded on the
platform. In the Example A, the effective evacuation capacity
of this URT train is the maximum number of people that can
occupy the remaining space of the carriage. In Example B,
the train has a large residual capacity, but the doors of the train
open in dwell time. At this time, the number of passengers
that board successfully when the doors open is smaller than
residual capacity of the train. In this situation, the effective
evacuation capacity of the train is the number of passengers
on board in the dwell time.

According to [38], the speed of passengers boarding the
train in front of the doors of a URT train in Beijing is
[0.66, 2.27] (person/s), which is affected by the number of
passengers in the train. The URT train types and passenger
flow characteristics are similar between Shanghai and Bei-
jing. In this study, it is assumed that the average passenger
boarding speed at each door ωdi ω

d
i is 1.5 people/s. There
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TABLE 3. Notation related to (1)–(3).

are eight carriages, each with five doors. Thus, the boarding
rate is assumed to be 60 people/s. d represents the operation
direction of the train: {up (x), down (y)}.

N d
i,j = min

{
Cd
i

(
αmax−α

d
i,j

)
+Ddi,j,K

d
i

(
td
dwelli,j

−τ di

)}
(1)

K d
i = Ldi ×ω

d
i (2)

The residual capacity of the train is the product of the residual
load factor

(
αmax − α

d
i,j

)
after the train arrives at the station,

the rated capacity Cd
i of the train, and the number of people

getting off the trainDdi,j. The number of people who can board
during the dwell time is obtained by multiplying the board-
ing time

(
td
dwelli,j

− τ di

)
by the passenger boarding rate K d

i .
Therefore, this paper proposes that the effective evacuation
capacityN d

i,j of the j
th train in a certain direction of Line i after

arriving at the station is determined by the residual capacity of
the train and the number of passengers that can board the train
during the dwell time. The dwell time td

dwelli,j
is a decision

variable that determines the effective evacuation capacity of
the URT train.

When a station of URT Line i is the starting station, the
load factor before the train arrives at the station is 0, and the
number of people leaving the station from the up or down
direction of Line i is 0:{

αdi,j = 0

Ddi,j = 0
. (3)

The notation used in (1)-(3) is presented in Table 3.

B. TRANSPORTATION CAPACITY MATCHING DEGREE
To select the period of adjustment in a day, this paper pro-
poses the concept of the transportation capacity matching

degree. This value is used to judgewhether the passenger flow
can be evacuated safely and quickly and whether the trans-
portation capacity of URT can be used efficiently. On one
hand, when passengers transfer to URT after the railway train
arrives, the transportation capacity of the URT should be
considered to satisfy the passenger flow demand. On the other
hand, the number of trains used should be minimized to fully
utilize the transportation capacity while ensuring the station
safety and the efficiency of passenger evacuation. The trans-
portation capacity matching degree is an intuitive description
for the quality of the connection of transportation capacity.
P is calculated using the number of passengers transferring
from railway to URT and the effective evacuation capacity of
URT, as follows (4)–(7).

P =
Fr
Ur
×kr (4)

Fr =
g∑

a=1

Far (5)

Ur =
n∑
i

m∑
j=1

{
N d
i,j·(1−µ

d
i )
}

(6)

To simplify the calculation, suppose that in a certain period,
the dwell time in a certain direction of Line i is a fixed value
td
dwelli

. The effective evacuation capacity of Line i in 1 h is
obtained by combining (6) and (1):

Ur =
3600

Idi
×

{
min

(
Cd
i

(
αmax − α

d
i

)

+

m∑
j=1

Ddi,j,K
d
i

(
td
dwelli
− τ di

) (1−µdi ), (7)

where kr is the transfer coefficient, which represents the
proportion of passengers arriving at the railway station who
transfer to URT. The theoretical value is between 0 and 1.
kr is determined by the network size of URT. When the
URT structure is a single line or backbone frame network,
it is relatively unattractive to passengers, and kr is relatively
small. However, with the continuous expansion of the net-
work, the attractiveness of URT to passengers increases expo-
nentially, and kr increases. According to [1]–[5], in China, kr
is 0.4–0.6.

Along with the consideration of rapid evacuation of the
railway passenger flow, the impact of large passenger flows
on other stations should also be reduced. It is considered
that to reserve the transportation capacity for the subsequent
URT operation section, a reasonable and effective passen-
ger inflow control strategy must be adopted to reduce the
impact of a single station flow on other stations, particularly
in special lines such as Y-type and loop lines. In general,
URT takes passenger flow control measures according to the
real-time passenger flow if it is faced with a sudden large
passenger flow caused by emergencies, large-scale activities,
or severe weather or the regular large passenger flow in the
morning/evening peak. In previous studies [36], [37], the
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TABLE 4. Notation related to transportation capacity matching degree.

formulation of the passenger flow control strategy usually
included three parts: stations, durations, and intensity. In the
present study, the intensity µdi of the passenger flow control
had to be determined for transfer station in mismatch period.
This value is the ratio between the limited passenger flow
(the passenger flow demand that cannot be satisfied under the
control condition) and the actual passenger flow demand of
the station per unit time. In the actual operation, the number
and speed of passengers entering the station are often limited
by the means of temporary closing of the station or setting
the current limited fence, adjusting the number of gates, etc.
In the present study, this value is used as the input parameter.
The determination process of the value is not the focus of this
work.

In Equation (7), the dwell time td
dwelli

and interval Idi
are decision variables that determine the effective evacua-
tion capacity of URT trains. All the other parameters are
input parameters. The notation used in (4)–(7) is presented
in Table 4.

C. EVALUATION CRITERION
In this study, the transportation capacity matching degree
P is used to express the matching relationship between the
demand of arriving railway passengers and the URT effective
evacuation capacity, which reflects the transportation coordi-
nation of the two transportation modes. According to [39],
the range and level classification of P is presented in Table 5.
According to (4), if P ≤ 0.53, the effective evacuation

capacity of URT is significantly larger than the number of
railway-to-URT passengers. There are two reasons for this
situation: a) passengers are unwilling to choose URT for
transfer given their personal preferences; b) in the earlymorn-
ing or late night, few passengers arrive at the railway station.
In the former case, the convenience, travel time, and distance

TABLE 5. Transportation capacity matching degree P .

from the URT station to the destination significantly affect
the choice of the transportation mode [40]. If the coverage
of the URT network in the city is too sparse, few areas
can be reached by transferring from railway to URT, and
passengers will be unwilling to choose URT. With regard to
the latter case, in the early morning and late night, few trains
arrive at the railway station typically, and the demand for
passengers to transfer to URT is relatively small. Both these
situations result in the wastage of transportation resources.
When P ∈ [0.54, 0.85], the capacity of URT is slightly
excessive. Possibly, there are few arriving railway passengers
and it is the transition period to the peak period or the end of
operation. If P ≥ 1, the effective evacuation capacity of URT
cannot satisfy the transfer demand of railway passengers, and
the coordination of the connection is destroyed. Generally,
when a railway train arrives at non-rush hours, the URT can
satisfy the needs of transfer passengers without adjusting its
own operation plan. However, when the number of arriving
passengers increases significantly, it is difficult to satisfy the
needs of evacuation and transfer with the original plan. There-
fore, it is necessary to adjust the URT operation plan to satisfy
the increasing demand of the railway-to-URT passengers.

According to [39], the most economical and reasonable
situation is P ∈ [0.86, 0.90]. In this case, the effective evac-
uation capacity of URT is slightly greater than the transfer
demand of the flow of arriving railway passengers. The pas-
sengers feel that the environment of the carriage is relatively
comfortable. Additionally, the URT provides transport capac-
ity for a small number of non-railway passengers. In general,
operator can not only provide a good service level but also
avoid wastage of resources and achieve win–win benefits.
Therefore, in this study, it is stipulated that capacity adjust-
ment is needed when the transportation capacity matching
degree of the research period is >0.90.

D. EXAMPLE
HongqiaoHub, which is the busiest railway hub in China, was
selected for analysis. Shanghai Metro Lines 2 and 10 con-
nect here, as shown in Fig. 5. According to the passenger
flow data for the railway and URT obtained from March 1,
2017, 268 high-speed railway trains arrived from 06:30 to
23:59. Nearly 130000 passengers arrived by high-speed rail
every day in 2017. Calculating P for this day reveals that
17:12–17:21 was an extremely busy period. Thus,
17:12–17:21 as an example, six trains arrived in 9 min.
In <10 min, the number of passengers was Fr = 3032. The
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FIGURE 5. Local topology of Hongqiao Hub.

TABLE 6. Number of arrival trains and passengers in the period
17:12–17:21.

train numbers, arrival times, and numbers of passengers are
presented in Table 6.

To distinguish the names of theURT station and the railway
station in Hongqiao, we present the following definitions:
Hongqiao Railway Station (URT station), Hongqiao High
Speed Railway Station or Hongqiao Station (railway station
for intercity passenger), and Hongqiao Hub (URT& railway).

When the effective evacuation capacity of URT in
Hongqiao Railway Station is calculated, because this station
is the starting station in the up direction of Line 10 and
the second station in the up direction of Line 2, transportation
capacity should be reserved for the subsequent stations. Thus,
it is preferable that a large number of passengers do not board
the train at the front station. Otherwise, the passengers in
the subsequent stations may be unable to board. Passenger
inflow control is often adopted at the front station by limiting
the speed of passengers entering the station. Thus, sufficient
transportation capacity can be reserved for the subsequent
sections in Line 2 and Line 10. It is assumed that µx2 = 53%,
µx10 = 46%, tx

dwell2
= 20s, and the time needed by the

arriving railway passengers to walk to the URT platform is
10 min. According to the operation data of Shanghai Metro
for March 1, 2017, the effective evacuation capacity of URT
within the period 17:22–17:31 was calculated using (1)–(7),
and Ur was 1515. Assuming that 60% of the passengers

arriving at the railway station transfer to URT, the trans-
portation capacity matching degree in this period is P =
120.08%. Considering the condition that the transportation
level of the subsequent stations of Lines 2 and 10 is not
affected, the URT capacity of Hongqiao Railway Station does
not match the transportation demand. Therefore, it should be
adjusted.

V. METHODOLOGY
The standard of capacity coordination between the demand
of arriving railway passengers and the URT capacity indi-
cates that the capacity should be used fully. According to
the judgment criteria presented in Section IV.C., the con-
nection scheme of URT under the condition of an insuffi-
cient effective evacuation capacity (P > 0.9) was exam-
ined. The constraints of capacity connection and platform
safety are considered, and the station dwell time and depar-
ture interval are taken as decision variables. Considering
cost savings, the first target is the optimal transportation
capacity matching degree, and the second target is the min-
imum waiting time of passengers. According to these two
goals, a multi-objective coordination optimization model is
established.

In this model, the connection scheme of URT trains is
adjusted to optimize the transportation connection between
the capacity and the demand. The two parameters adjusted are
the dwell time of trains at the station and the train departure
interval.

The following assumptions are made.

(1) The background of a large passenger flow of the rail-
way; when the transportation capacity matching degree
P is greater than 0.90 in a certain period, the operation
plan of the URT must be adjusted. For a period with
P < 0.86, no further study is required.

(2) The departure interval of trains in the same direction of
the same line is uniform within a certain period.

(3) ‘‘First come first served,’’ i.e., passengers board the
train in sequence.

(4) Passengers must wait for others to get off the train
before boarding.

(5) After leaving the railway station, the passengers arrive
at the URT platform in a random order and follow a
uniform distribution. (The fluctuation of the passenger
walking speeds is ignored, and the average travel time
of the passengers is determined according to their aver-
age travel speed.)

(6) The train marshalling and capacity of trains on the
same line are fixed; that is, the trains have the same
passenger carrying capacity. When the number of pas-
sengers reaches the maximum capacity of the train,
the remaining passengers cannot board the train and
must wait in line for the next train.

(7) The time granularity for adjustment is 1 h. The time
range of the adjustment plan some periods within a day.

(8) In the model, the passengers become stranded at the
platform no more than once in each queue.
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A. SETS AND PARAMETERS
1) ARRIVAL AND DEPARTURE TIMES OF URT TRAIN
The departure time of the jth train of Line i at transfer station
in direction d during the research period can be calculated
using the following formula:

Sdi,j = tdi,0 + (j− 1)Idi j > 1. (8)

The arrival time of the jth train of Line i at the transfer
station in direction d during the research period can be calcu-
lated using the following formula:

Adi,j = Sdi,j − t
d
dwelli

. (9)

Here, tdi,0 represents the departure time of the first train in
direction d of Line i at the transfer station ,Idi represents the
departure interval of the train in direction d of Line i (s), Sdi,j
represents the departure time of the jth train in direction d of
Line i at the transfer station, Adi,j represents the arrival time of
the jth train in direction d of Line i at the transfer station, and
td
dwelli

represents the dwell time of the train in direction d of
Line i at the transfer station.

2) NUMBER OF ARRIVING RAILWAY PASSENGERS
TRANSFERRING TO URT
The number of arriving railway passengers who transfer to
URT during the research period is calculated using the fol-
lowing formula:

Fr × kr =

( g∑
a=1

Far

)
× kr , (10)

where Far represents the number of railway passengers arriv-
ing from train a in the research period, and kr repre-
sents the proportion of arriving passengers transferring to
URT.

3) AVERAGE ARRIVAL RATE OF TRANSFER PASSENGERS
The number of passengers arriving at the upward or down-
ward platform of Line i per second during the research period
is given as

λdi =
Fr × kr × kdi

Tr
×

(
1− µdi

)
, (11)

where Tr represents the study duration, and kdi represents the
proportion of passengers who select direction d of line i in
URT transfer.

In the time range (t1,t2), the average arrival rate of railway
passengers entering the URT platform is λdi . In this period,
the number of people who transfer to direction d of Line i
from the railway station is given as

U id
(t1,t2) = λ

d
i × (t2 − t1) . (12)

4) NUMBER OF PASSENGERS WAITING AT PLATFORM
Before the arrival of each train, the passengers waiting on
the platform include the passengers transferred from railway,
non-railway passengers, and stranded passengers in the plat-
form. In this study, we consider not only the large passenger
flow of the railway but also the effects of other passengers
on the platform safety and transport capacity. It is assumed
that the average arrival rate of non-railway passengers is
vdi . In the time range (t1, t2), the number of non-railway
passengers who take the train on Line i in direction d is given
as

Qi
d

(t1,t2) = vdi ×
(
1− µdi

)
× (t2 − t1) . (13)

The number of passengers waiting at the up or down plat-
form before the departure of the jth train on Line i is given
as

W d
ij =


U id(

tdi,0,S
d
i,j

)+Qid(
tdi,0,S

d
i,j

)+Rdi,0, j=1

U id(
Sdi,j−1,S

d
i,j

)+Qid(
Sdi,j−1,S

d
i,j

)+Rdi,j−1, j=2, 3 · · ·

(14)

where W d
i,j represents the number of passengers waiting for

the up or down platform before the departure of the jth

train on Line i, Rdi,0 represents the initial number of pas-
sengers waiting for the train on the d direction platform
of Line i at the beginning of the study period, and Rdi,j
represents the number of people stranded on the d direc-
tion platform before the (j−1)th train leaves the station on
Line i.

Whether there is detention depends on whether the trans-
port capacity of the train can satisfy the demand of the pas-
senger flow. When the passenger flow demand exceeds the
effective evacuation capacity of the train, passenger retention
occurs, resulting in an undesirable waiting environment and
security risks. The number of passengers stranded on the d
direction platform of Line i after the departure of the jth train
is given as

Rdi,j = max
{
W d
i,j − N

d
i,j, 0

}
. (15)

5) WAITING TIME OF PASSENGERS
On the d direction platform of line i, from the departure
time of the (j − 1)th train to the departure time of the jth

train, the passenger waiting time on the platform before the
departure of the jth train is given as

T di,j =
∫ Idi

0

(
λdi + v

d
i

)
dt + Rdi,j · I

d
i . (16)

B. MODELING
The decision variables are the departure interval Idi and dwell
time td

dwelli
of URT Line i. The other parameters are input

parameters. The model is described by (19)–(25).

Objective Function :
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
minY =

∣∣P− Poptimal ∣∣ = ∣∣∣ FrUr × kr − Poptimal ∣∣∣ (17)

minZ =
n∑
i

m∑
j=1

T di,j (18)

Here, Ur is calculated using (7), and T dij is calculated
using (16). The decision variables Idi and td

dwelli
affect the

values of Y and Z . The following formulas give the model
limitations:

s. t. W d
i,j ≤ Edi ∀i, ∀j, d ∈ {x, y} (19)

Imin ≤ Idi ≤ Imax ∀i, d ∈ x, y (20)

tmindwell ≤ td
dwelli

≤ tmaxdwell ∀i, d ∈ x, y (21)

TE − Idi ≤ Adi,l ≤ TE ∀i, d ∈ x, y (22)

Idi , t
d
dwelli

∈ N ∗ ∀i, d ∈ x, y, (23)

where Edi represents the passenger capacity limit of the up or
down platform of Line i; Idi,O represents the departure interval
of the up or down direction of Line i before the adjustment;
Imin and Imax represent the minimum andmaximum departure
intervals of the train, respectively; tmindwell and t

max
dwell represent

theminimum andmaximum station dwell times, respectively;
Adi,l represents the arrival time of the last train in the research
period; and {TS ,TE } represents the period in which the train
operation plan must be adjusted.

Equation (17) indicates the best transportation capacity
matching degree between the effective evacuation capacity
of all trains passing through the transfer station and the
flow of arriving railway passengers during the study period.
According to Section IV.C., the optimal transportation capac-
ity matching degree is 0.9. Equation (18) gives the shortest
total waiting time for transfer passengers in the study period.
Equation (19) gives the constraint of platform safety; the
number of people waiting at the platform cannot exceed
the platform capacity limit. Generally, the platform capac-
ities for the up and down directions at the same station
are equal. Equation (20) gives the basic constraint of the
train departure interval, where Imin mainly depends on the
technical conditions of the line. The departure interval must
be larger than the minimum tracking interval. To ensure the
line service level, the departure interval must be smaller
than the maximum departure interval. At peak hours, Imax is
determined by the passenger flow demand, and at non-peak
hours, Imax is determined by the service level. Equation (21)
gives the constraint of the dwell time. Equation (22) gives
the arrival-time constraint of the last train. Equation (23)
gives the integer constraint of the decision variable. The train
departure interval and dwell time are both integers (units:
seconds).

C. SOLUTION ALGORITHM
In this model, the constraints are linear, and the two objective
functions are nonlinear; thus, it is a multi-objective nonlinear
integer programming model. Y is obtained by the game of
the values of Idi and td

dwelli
. We need not increase or decrease

Idi and td
dwelli

blindly to improve or reduce the URT capacity;

FIGURE 6. Individual chromosome structure.

rather, the values should be matched with the passenger flow
demand. Therefore, the difficulty in solving the model is how
to synergistically adjust the two decision variables to obtain
the optimal effective evacuation capacity and transportation
capacity matching degree. The set of feasible solutions com-
posed of Idi and td

dwelli
is relatively large, andmany constraints

are added to the model to limit the range of the solution
set. It is difficult to obtain the optimal solution quickly and
accurately if the enumeration method or traditional trans-
portation organization method is used to solve this model;
thus, a heuristic algorithm is chosen to solve the model. The
GA is a mature and widely used heuristic algorithm. It is an
efficient random search and optimization method based on
the theory of biological evolution. Its main characteristics are
the group search strategy and information exchange between
individuals in the population. The search does not depend on
gradient information. It has good global convergence, a high
calculation efficiency, and high robustness [41]. According to
the GA, the specific algorithm design is as follows:

1) CODING METHOD
In a GA, binary symbol strings are often used to represent
individuals in a population. Variables are represented by a
binary code symbol of length k . According to constraints (20)
and (21), the departure interval of the train must exceed the
minimum departure interval, and the dwell time should not
be >40 s. It is assumed that the minimum departure interval
is 120 s and the maximum departure interval is 420 s. Then,
the number of bits of the binary code is set as k = 15, and
the chromosome is divided into two parts: the train departure
interval and the dwell time. According to the ranges of the
decision variables, the variables correspond to 9- and 6-bit
binary codes, respectively. Assuming that the interval of the
up-direction train of line i is 120 s and the dwell time is 30 s,
the chromosome structure is shown in Fig. 6.

2) FITNESS FUNCTION
Fitness is used to measure the quality of individuals in a
population (degree of conformity) and is usually expressed
in the form of numerical values. In general, a lower (or
higher) fitness value indicates a higher-quality solution and a
higher probability of the individual to be selected. Therefore,
the selection of the fitness function, which directly affects the
convergence speed of the genetic algorithm and whether the
optimal solution is obtained, is significant. In the foregoing
model, the effect of constraints (20)–(23) is to limit the
range of the solution set. For restriction (19), in reality, there
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TABLE 7. Transportation capacity matching degree for each hour.

must be a situation where the passenger demand exceeds the
platform capacity. There will be a situation in which passen-
gers cannot enter the station and queue outside the station.
To reduce the likelihood of this situation, measures are taken,
e.g., the heredity of individuals of inferior populations is min-
imized in the calculation process. In the construction of the
fitness function, the penalty function is added to reduce the
probability that the individual inherits to the next generation.
The fitness-function value Y ′ is the sum of the objective-
function value Y and Z and the penalty-function value:

Y ′=ϕ · Y+δ ·
Z

Fr × kr
+

β

m · n

 n∑
i

mi∑
j=1

∑
d

Rdi,j

 , (24)

where ϕ and µ are weight coefficients, and β is a penalty
coefficient.

In (24), Y is determined using (17), and it represents the
gap between the transportation capacity matching degree and
the optimal value. Z is determined using (18) and represents
the average waiting time of passengers. Rdi,j is determined
using (15) and represents the number of passengers left after
the train leaves. In summary, it is better for Y , Z , and Rdi,j,
as well as the fitness-function value Y ′, to be closer to 0.

3) CONTROL PARAMETERS
The selection of control parameters affects the speed and
accuracy of the GA, including the population size and genetic
operators. The population size affects the convergence of
the GA, and the number of control parameters is generally
20–100. Better adaptability of the chromosomes yields a
higher probability of survival and inheritance. Crossover is
the operation of exchanging one or more genes on the parent

chromosome to generate new individuals. The crossover
probability is generally 0.4–0.99. Mutation is a random
change introduced of an individual. Under certain conditions,
one or several genes on a chromosome are randomly changed.
The probability of variation is generally 0.0001–0.1. Gener-
ation gap measures the proportion of each generation that is
selected to change. The gap is generally default 1.

4) ALGORITHM TERMINATION RULE
A maximum genetic threshold MAXGEN is provided. The
algorithm iteration stops when it reachesMAXGEN.

VI. CASE STUDY
A. SCENARIO
The Shanghai Hongqiao Hub is taken as an example to val-
idate the model and solution method. The passenger flow
data were obtained in 2017, when only Lines 2 and 10 were
operated. The local network structure of the URT is shown
in Fig. 5. To simplify, the data for Line 2 are used for ver-
ification. According to the actual data, there were very few
passengers who went to East Xujing via the down direction of
Line 2. Thus, in themodel, only the supply–demandmatching
relationship of the up direction of Line 2 is studied. Using the
method in Section IV, combined with the data for the arriving
railway passengers, URT departure intervals, and URT dwell
times, as well as the URT passenger data for each hour of
the day, the transportation capacity matching degree for each
hour was calculated, as shown in Table 7.

A comparison revealed that [14:00–15:00], [16:00–17:00],
[17:00–18:00], [18:00–19:00], and [20:00–21:00] were the
periods with poor capacity matching, which are marked with
red font in Table 7. The values for these periods were higher
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TABLE 8. Model parameters.

TABLE 9. Inbound and outbound passenger flow data.

than the optimal value of 0.9. The period with the worst value,
i.e., [18:00–19:00], was taken as an optimization case. The
detailed model parameter settings are presented in Table 8.
The flow of railway passengers arriving at the station and data
for the URT passengers in this period are presented in Table 9.

The simulation was conducted in Visual Studio 2013, on a
personal computer with an Intel Core i5-8700 central pro-
cessing unit. Through multiple rounds of tests, the param-
eter values were set as follows, with an excellent genetic
iteration effect: population size = 50, generation gap = 1.0,
crossover probability = 0.8, compilation probability = 0.1,
MAXGEN = 200.

Given that the units of measurement of the target function
values Y and Z , and the penalty-function value in the fitness
function are inconsistent, they should be normalized before
the comprehensive fitness value is calculated. The weight
coefficients ϕ and δ and the penalty coefficient β are the
amplification coefficients used to homogenize the hetero-
geneity index. According to multiple tests, ϕ was set as 0.5,
δ was set as 0.0015, and β was set as 0.001.

B. RESULTS AND ANALYSIS
If the enumeration method is used, there are 12000 feasi-
ble solutions in the case of only one direction of one line.
In the case of multiple lines, there are more feasible solu-
tions. The algorithm proposed herein can significantly accel-
erate the solution process and improve the accuracy. Taking
the actual operation plan of Shanghai Metro Line 2 as the
initial scheme, the departure interval in the evening peak
[17:00–20:30] was 7 min and 20 s, and the dwell time at
Hongqiao Railway Station was 30 s. This scheme was used
as the initial scheme for the iterative calculation.

There were 50 solutions in each generation, and the solu-
tionwith the smallest fitness value was the optimal solution of
this generation. 30 independent calculations were performed
with identical GA parameters. These calculations reached
convergence after 180–200 iterations. Each calculation took
approximately 3–5 min. The best of the 30 calculations was
selected as the analysis case. The process converged approx-
imately after the 190th generation and a better solution was
obtained. The variations of the average fitness and optimal

VOLUME 8, 2020 68783



F. Zhou et al.: Optimization of URT Connection Scheme for Evacuating Large Volumes of Arriving Railway Passengers

TABLE 10. Optimal and initial solutions.

FIGURE 7. Convergence process of the GA.

fitness for each generation are presented in Fig. 7. The
abscissa indicates the iteration number, and the ordinate indi-
cates the fitness value. The blue point represents the optimal
fitness value of every iteration, and the orange point repre-
sents the average fitness value. In the first 140 generations,
the rate of change was relatively high, and the fluctuations
were relatively large. After 140 generations, the fitness value
gradually became stable. The optimal solution was obtained
at the 197th generation, which was 101100011101000. The
corresponding decimal scheme is presented in Table 10. In the
optimal plan, the interval of the up direction of Line 2 was
355 s, and the dwell time was 40 s. Compared with the
fitness value of the optimal scheme, that of the initial scheme
was nearly 90% lower. To verify the accuracy of the model,
the solutions in several iterations were used to check the
calculations (the fitness was compared). The optimal solution
of one generation and non-optimal solutions were among
these compared solutions.

Through optimization, the connection timetable of the
up direction of Line 2 at Hongqiao Railway Station was
obtained. For visual comparison, Figs. 8 and Figs.9 show the
timetables of the URT–railway connection before and after
optimization, respectively. The figures present comparisons
of the timetables and load factors. To verify the accuracy and
superiority of the model, key technical indicators of the initial
scheme and the optimal scheme were compared, as shown

FIGURE 8. Connection timetable before optimization.

FIGURE 9. Connection timetable after optimization.

in Table 11. For the initial scheme, the transportation capac-
ity matching degree was >1, indicating that the capacity
supply did not satisfy the passenger demand, resulting in a
large number of passengers stranded. After the optimization,
the increase in the dwell time and the reduction in the depar-
ture interval enhanced the transportation capacity. The capac-
ity was slightly larger and satisfied the passenger demand.
Additionally, the passenger waiting time and retention were
reduced, and the evacuation safety was guaranteed. When the
operation of two more trains and a dwell time of 10 s in the
18:00–19:00 periodwere added at Hongqiao Railway Station,
the transportation capacity matching degree was reduced by

68784 VOLUME 8, 2020



F. Zhou et al.: Optimization of URT Connection Scheme for Evacuating Large Volumes of Arriving Railway Passengers

TABLE 11. Technical index comparison.

41.7%, and the gap from the optimal fitness value (0.9)
was reduced from 0.683 to 0.023. The average waiting time
of passengers was reduced by 57.2%, and all the stranded
passengers were evacuated. Thematching degree of the trans-
portation capacity and passenger demand was improved, and
the passenger service level and enterprise operation efficiency
were increased. Owing to the increased number of trains,
the costs were higher, whichmay have reduced the load factor
in some sections. However, Line 2 passed through the city
center andmultiple passenger terminals in Shanghai; thus, the
capacity wastage may have been small at the peak hour.

VII. CONCLUSION
This work addresses the crucial issues of transfer between
URT and railways in the context of the rapid development of
China’s railways. According to the fluctuation characteristics
of railway passenger flows, a method for calculating the
effective capacity of URT to evacuate passenger flows was
proposed. Then, the transportation capacity matching degree
was introduced, and a method was proposed for determining
the adjustment period of the URT train connection scheme
according to the railway operation plan and historical pas-
senger flow data. The objective functions were designed to
1) optimize the matching between the demand of railway-to-
URT passengers and the effective evacuation capacity of URT
and 2) minimize the passenger waiting time. Considering
the constraints of the connection capacity and the maximum
capacity of the platform, the train dwell time and the depar-
ture interval were set as decision variables. In consideration
of constraints of the connection capacity and the maximum
capacity of the platform, reserve capacity for the subsequent
sections is also considered. A nonlinear integer programming
model of an URT train cooperatively connecting a large rail-
way passenger flow was established, the train dwell time and
the departure interval were set as decision variables. Then,
a solution method based on a GA was proposed. Finally,
the transfer between the two transport modes in the Shanghai
Hongqiao Hubwas analyzed as a case study. The period when
the high-speed railway has a high density of passengers was
selected for analysis. Here, the effective evacuation capacity
of URT could not satisfy the fluctuating demand of the arriv-
ing passengers. For this period, an optimized train connection
plan of URT was obtained via the GA. The optimal solution
effectively alleviates the passenger flow congestion and evac-
uation at the transfer station and ensures the supply capacity
of the subsequent sections of the line.

This method is applicable to the transfer between railway
and URT. It is suitable for stations where URT accounts for
a large proportion of the transfer sharing. For passengers,
the method can improve the experience of an integrated travel
chain. For the railway hub, it can help to ensure the safety
and rapid evacuation of passengers and increase number
of passengers that use public transportation. For the URT
operation enterprises, it can help to improve the passenger
service level and operation efficiency. Additionally, it pro-
vides auxiliary decision-making support for railway–URT
connections. The proposed method is also applicable to the
coordination between different rail transit systems. However,
in coordination, which rail transit system should be adjusted
first requires more discussion.

In this study, a method for URT cooperation with a large
railway passenger flow was developed. The railway passen-
ger flow and the non-railway passenger flow of the URT sta-
tion are the main inputs. Owing to the limitation on the length
of this article, the content regarding the capacity reserved
for subsequent stations was simplified. The actual situation
is far more complex; the considerations in this article are
insufficient. In addition to a large railway passenger flow,
many external factors should be considered, including the
station layout, transfer characteristics, starting and ending
stations, and transfer hedge between URT and the transfer
station. These factors should be considered in future research.
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