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ABSTRACT With the increase of travel demands in the networked metro system, more and more metro
transfer stations are suffering from oversaturated situations, leading to the accumulation of passengers in the
transfer corridor and boarding area with potential accident risks. To further improve the transfer efficiency
and passenger accumulation safety at transfer stations, the joint operation strategy is adopted. Metro trains
are allowed to run across different metro lines and passengers switch other lines without transfer. This paper
proposes 1) a meaningful, yet simple, way for defining the running strategy of trains for joint operation with
two intersectingmetro lines and 2) an optimal model for the train frequency tominimize indicators associated
with the passenger service and train capacity. Regulation constraints such as waiting time of through and
transfer passengers, number of available trains, load factor, and departure interval are taken into account.
Finally, a case study of the joint operation in the Beijing metro system is implemented to demonstrate the
performance and effectiveness of the proposed approaches.

INDEX TERMS Metro system, joint operation, train frequency optimization.

I. INTRODUCTION
With the characteristics of high capacity, reliability, and low
energy consumption, metro transit has been developed as
the most important public transportation mode to solve road
congestion and associated environmental pollutions. It plays
a negligible role in metropolitan cities all over the world. Due
to the large scale of the network, there is a rapidly increasing
transfer demand in themetro network. In themetro of Beijing,
for example, the transfer volume in the Xizhimen station
during themorning peak hours of a workday in June 2016was
33,735 passengers per hour. Moreover, there are 25 stations
with more than 15000 passengers per hour, which accounts
for 50% of the transfer volume of all transfer stations. A large
scale of transfer passengers may cause severe congestion in
the transfer station and lead to safety problems. Meanwhile,
the transfer inconvenience of different train lines affects the
service level to a large extent.

The associate editor coordinating the review of this manuscript and
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To improve the service level of overcrowding metro
transfer station, many researchers focus on i) passenger
flow control, in which passengers are firstly required to
queue at the corridor or wait outside [1], e.g., Tiyu West
Road station in Guangzhou, Tiantongyuan station in Beijing;
ii) stop-skipping, no stop at the transfer station, e.g., Hujialou
station in Beijing. However, these strategies cannot reduce
the volume of transfer passengers, and only delay the gath-
ering of passengers at the transfer station and increase the
travel time of passengers. To alleviate congestion in the
transfer station, the joint operation has been implemented
in some large-scale metro systems. A joint operation is
an operating approach for trains on one line share another
line.

With a joint operation between different metro lines, metro
trains are allowed to run across different rail transit lines and
passengers switch other lines without transfer, which brings
great convenience to transfer passengers. Significantly, in this
way, passenger accumulation and congestion on platforms
can be prevented, and operational safety can be improved
greatly. Nowadays, the joint operation in China has been
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only used in Chongqing and Beijing. More lines will be
implemented joint operation in the future.

To our knowledge, the current joint operation methods
are often implemented considering signal, civil engineering
and other infrastructure, but not taking transfer passengers
and through passengers into consideration. In this paper,
we mainly focus on optimizing passenger demand-oriented
operation- the train frequency for joint operation between two
different lines- to reduce the number of transfer passengers
but meet the needs of other origin-destination (OD) matrix
demands in the metro system.

The rest of this paper is organized as follows. In Section II,
the literature review is given to introduce the state of art in this
field. Section III describes the problem statement. Section IV
the problem is formulated as an integer linear programming
model. Section V provides a case study, in which two lines
train frequencies based on the Beijing metro in China are
considered to evaluate the performance of the proposedmath-
ematical model and algorithm. Finally, concluding remarks
and future research directions are given in Section VI.

II. LITERATURE REVIEW
Generally, several train operation control strategies are
implemented to relieve the station pressure. Train opera-
tion strategies including all-stop, stop-skipping, and short-
turning which are characterized by operational flexibility, can
ensure sufficient capacity to accommodate all passengers [2].
Where all-stop is a conventional train operation strategy, but
stop-skipping, short-turning are nonconventional operation
approaches that have often been adopted for unbalanced pas-
senger flow [3], [4]. While stop-skipping consists of allow-
ing trains to skip certain low-demand stations and it is an
important train operation strategy to reduce both operating
costs and passenger travelling time [5], [6]. This operation
strategy was first developed for the Chicago Metro system
in 1947, and later implemented in Philadelphia, New York,
and Santiago [7]. Meanwhile, short-turning is another type
of train operation control strategy, which is applied when
there is a low passenger demand along part of the line [8].
It allows a train to turn around in an intermediate station
on a rail line without operating along the full length of the
line [9]. However, the above two nonconventional operation
approaches are often implemented in a single line and cannot
effectively alleviate the transfer passenger problem. Thus,
a new train operation approach is desired to develop to reduce
the transfer volumes in transfer stations, especially the hub
stations connecting two different lines. Since the joint opera-
tion allows train operation on two different lines, passengers
can travel easily to other lines without transfer, resulting in
fewer transfer volumes in transfer stations. A TCRP (Tran-
sit Cooperative Research Program) Report defines the joint
operation as ‘‘commingled, simultaneous train operation on
shared track by railroad trains (freight and/or passenger) and
rail transit vehicles’’ [10]. For example, Tokyo provides ser-
vices linking subway and railway suburban lines. Most metro
lines now offer through connections, the exceptions being the

TRTA Ginza and Marunouchi lines, which were constructed
in the early days, and the TMG Oedo Line, which uses the
latest linear motor technology [11]. In aviation, there are also
cases of joint operation: Vlachou and Lovell [12] introduced
an alternative concept into airspace flow, the collaborative
trajectory options program, in which aircraft operators are
allowed to submit sets of alternative trajectory options for
their flights, with accompanying cost.

Since it is relatively complex for transit agencies to make
optimization decisions on aligning the joint operation line
and to select the number and location of stations along
with it in rail infrastructure projects, few cities are adopting
joint operation in practice [13]. In addition, it is difficult to
coordinate standards of guideways, switches and crossovers,
signal management, communication, power supply, and other
infrastructure elements. In most cases, if the track has been
built for only one line from end to end, it’s very expensive to
add a second line that requires redesigning and building more
track, extensive modifications of the existing infrastructure
(signal equipment, power supply, etc.) and operations man-
agement. Thus, it’s usually to consider the joint lines in the
construction project, not in the operation stage.

Tomeet the travel demands in themetro system, optimizing
rail capacity allocation is an important way, and affected
by train frequency, train stop strategy, etc. At present, there
are many optimization methods and solution algorithms to
optimize rail capacity. Carey [14] used mathematical pro-
gramming methods to solve the train operation path with a
choice of lines, platforms, and routes. Nesheli and Ceder [15]
proposed a multi-routing planning model with aims at mini-
mizing the number of vehicles and the number of short-turn
trips, and a strategy that combines short-turning, holding,
and stop-skipping was put forwarded to reduce the passenger
travel time and the number of transfer passengers. Ceder [16]
analyzed the effect of selecting a turnaround station in the
short route on the result of the operation. Minimizing the
number of operation trains and the operation complexity
were set as the objective function in their route optimization
model. Chowdhury and Chien [17] considered the real-time
dispatch of vehicles to minimize the total costs of vehicle
holding, connection delay, and missed connections. Chen,
Li, and Liu [18] described a way of calculating the turning-
back capacity according to the type of turning-back station,
taking turn-back, and tracking interval times into account.
Zhao et al. [19] proposed a train running strategy for Y-type
urban rail transit aimed at minimizing the passenger travel
time and train operating distance. The decision variables of
the model were the turn-back locations and the departure
frequencies of the train routings in themulti-routing planning.

As for solution algorithms, Cevallos and Zhao [20] devel-
oped a genetic algorithm (GA) to solve the problem of min-
imizing transfer times in public transit. Tsai, Chien, and
Wei [21] presented an approach to jointly optimize tem-
poral service headway and differential fare for an intercity
transit system, considering heterogeneous demand elastic-
ity, by developing a GA to search for the optimal solution.
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Xiong et al. [22] analyzed the relationship among route posi-
tion, relative costs, and headway in the optimal routing design
problem, using a depth-first search algorithm (DFS) and aGA
to find the solution.

While there exists sufficient literature on rail capacity opti-
mization for single lines, not enough studies have been con-
ducted under joint operation. For the complexity of the joint
operation, the existing studies on single lines are not suitable
for joint lines. As the rail capacity is usually based on the
maximumnumber of trains that can be operated in a section of
a track in a given period [23], the train frequency is an impor-
tant factor affecting rail capacity. Therefore, in this paper,
we mainly focus on how to optimize the train frequency
for joint operation in the operation stage, which reduces the
number of transfer passengers but meets the needs of other
origin-destination (OD) matrix demands.

III. PROBLEM DESCRIPTION
Since the metro multi-line joint operation allows a train to
run on different lines, a reasonable joint operation scheme
can effectively reduce the transfer volume and travel time,
which can improve the service level. To realize themetro joint
operation, one should first determine the area for joint oper-
ation depending on the passenger demands of the refereed
line. Then, put forward an optimal train running strategy for
the maximum reduction of the transfer flow and little impact
on other passenger flows.

A. TRAIN RUNNING STRATEGY
To realize the joint operation, there are two train running
strategies. One is inserting new trains into the original fleet,
and the other is replacing part of the original trains with new
trains. As shown in Figure 1, S is a transfer station for the
Blue and Red lines. Areas 1 and 2 are joint operation sections,
while Areas 3 and 4 are non-joint operation sections, which
are determined by the passenger demands OD matrix. Blue
and red trains represent the original fleet running on the Blue
and Red lines, respectively. While green trains are the new
vehicles (extra available trains from the Blue line or the Red
line). Both of the strategies mentioned above should be set to
satisfy the multidirectional and unbalanced characteristics of
the passenger demand, as specified by the OD matrix.

1) INSERTING NEW TRAINS INTO THE ORIGINAL FLEET
Green trains are inserted into the original Blue and Red line
fleets, as illustrated in Figure 2 for the Blue line. This train
running strategy has the following characters.’’
• Applicable conditions: Passenger flow is even in

Areas 1 and 3 (or even in Areas 2 and 4), and the original
departure interval is large enough to insert new trains. In addi-
tion, the headway ts between the inserting green trains and
the original blue trains should be smaller than the minimum
interval tmin requirement.
• Advantages: The departure interval is shortened and the

waiting time of passengers in Areas 1 and 2 is reduced;

FIGURE 1. Train running strategy.

FIGURE 2. Time-space diagrams of joint operation under inserting new
trains.

as a consequence, the volume pressure of the transfer station
is also reduced.
• Disadvantages: The operating costs of the railway cor-

poration are greatly increased; the load factor of trains in
Areas 1 and 2 is less than the original, resulting in a waste
of capacity.

Therefore, this relatively simple train running strategy will
not be discussed in this article.

2) REPLACING PART OF THE ORIGINAL TRAINS
Part of the blue or red trains is replaced by green trains.
Figure 3 shows an example on the Blue line. This train
running strategy has the following characters.
• Applicable conditions: If the maximum passenger flow

U is uneven in Areas 1 and 3, assuming U1 ≥ n ∗
U3
(
n = 4

/
3, 3

/
2, 2, 3

)
, then green trains could replace part

FIGURE 3. Time-space diagrams of rail transit operation under replacing
trains.
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of the original trains in Area 1. The passenger demand in
Area 3 should be simultaneously satisfied.
• Advantages: The vehicle turnaround speeds up, and the

waste of capacity in Area 3 is reduced; as a consequence, the
volume pressure of the transfer station is also reduced.
• Disadvantages: The waiting time in Area 3 increases;

through passengers (whose destination is on the Blue line,
travelling from Area 1 to 3) need to get off a green train and
wait for a blue train to their destination.

This type of train running strategy is more complex and
its adoption may make the train routing planning better sat-
isfy the multidirectional and unbalanced characteristics of
passenger demand. Hence, we mainly consider this train run-
ning strategy in our optimization formulation for train joint
operation.

B. CLASSIFICATION OF AFFECTED PASSENGERS
Let’s assume that there are two lines as shown in
Figure 4, where the Blue line constitutes of m stations,
denoted as Lblue = {l1, · · · li, · · · ls, · · · , lm}, and the
Red line constitutes of n stations, denoted as Lred ={
l1′ , · · · , ls′ , · · · , lj′ , · · · , ln′

}
.

Among these stations, ls and ls′ standing for the same
station, i.e., transfer station. A new joint operation route is
established between two lines. Namely, there are three opera-
tion routes, i.e., (l1 − lm) , (l1′ − ln′) , and

(
l1′ − ls(s′) − ln′

)
(joint operation section, illustrated as the green line
in Figure 1).

FIGURE 4. Diagram of joint operation.

The joint operation trains and regular trains share the same
infrastructure. Fewer trains are running in the non-joint oper-
ation section than in the joint operation section. However,
this operation approach is acceptable because of the uneven
passenger flow between Areas 1 and 3 (or Areas 2 and 4).
For this train running strategy, the waiting time of passengers
whose initial or destination station is located in a non-joint
operation section is increased; and the through passengers
also experience additional waiting time in practice [24].
In previous studies, only transfer passengers were taken into
account in the joint operation but not additional passengers.
In this study, further constraints should be introduced into the
model to reduce the waiting time of these passengers.

To better estimate the affection of the multi-line joint oper-
ation on passengers, the affected passengers are classified
into two types, listed as follows.

Transfer passengers (TP), who transfer from one line to the
other line in the transfer station located in the joint operation
area. There are two types of passenger flows TP¬ and TP
in Fig. 4. The travel time of TP¬ will be reduced benefited
from the joint operation, whereas the passenger flow TP is
not affected.

Through passengers (ThP), whose destination is on the
Blue line, i.e., they travel between the joint and non-joint
operation sections, are denoted as the passenger flow ThP®.
If the ThP® passengers on a joint operation (green) train, they
should get off the joint operation (green) train in the transfer
station to wait there for a train running the blue line, which
results in travel time increment. The situation of passengers
who start in a Red line station of the joint section.

IV. OPTIMIZATION MODEL FOR TRAIN FREQUENCY OF
JOINT OPERATION
The paper mainly focuses on optimizing the train frequency
of joint operation to balance the travel time of through and
transfer passengers, subject to the section through capacity
limitation and departure interval requirement. Since the train
capacity is mainly related to train frequency, the decision
variables in our optimal model are train frequency on each
line under the train running strategy of replacing part of the
original trains. Before presenting our optimization model for
train frequency of train multiline joint operation, we assume
that passengers arrive at a station with a uniform distribution,
and the average waiting time of each passenger is half of the
departure interval [25].

A. NOTATIONS AND DECISION VARIABLES
A series of notations, symbols, and decision variables are
introduced in Table 1.

B. OBJECTIVE FUNCTION
The purpose of the joint operation is to effectively reduce
the transfer volume, that is, alleviate the congestion in the
transfer station. It means to transport the transfer passenger to
their destination as soon as possible by shortening the transfer
time in the transfer station. However, as more Green trains
(fewer transfer passengers) share through the capacity of the
Blue line, there will be fewer Blue trains, and thus through
passengers will wait longer. Similarly, the through passengers
of the Red line are in the same situation. Therefore, the
wait time of all affected passengers, including the transfer
passenger, and the through passengers, should be taken into
account in our formulation.

1) TRANSFER PASSENGERS
The number of transfer passengers in TP¬ who enter at
a station located in the joint section of the Blue line and
exit at a station located in the joint section of the Red
line. The flow TP¬ can be divided into two categories:
one is formed by the passengers who take the green train
along the line without transfer, whose number is proportional
to NB−R

/
(Nblue + NB−R), and there is no affection on this
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TABLE 1. Parameters and notations.

category of transfer passengers since they are transported by
the joint trains; and the others should take time to walk from
the Blue line to the Red line as well as wait at the platform
for a train on the Red line, whose number is proportional to
Nblue

/
(Nblue + NB−R). The number of the affected transfer

passenger from the Blue line to the Red line is TPaffectedblue ,
which can be calculated by (1). For this category of transfer
passengers, the additional travel time is the sum of the walk-
ing time in the transfer station and waiting time on the plat-
form for a train on the Red line. Usually, the average walking
time twalk

ls
can be surveyed in the transfer station in advance,

and waiting time twaitblue−tr can be calculated through (2), which
is highly affected by the train frequency.

TPaffectedblue =

s−1∑
i=1

n′∑
j=s′+1

Qij · NB−R
/
(Nblue + NB−R) (1)

twaitblue−tr = 60
/
2(Nred + NB−R) (2)

where Qij is the number of passengers from station i to j.

2) THROUGH PASSENGERS
The number of through passengers in ThP® who enter at a
station located in the joint section of the Blue line and exit at
a station located in the non-joint section of the Blue line. The
flow ThP® can also be divided into two categories: some of
them get on a blue train, so they do not need to wait at a sta-
tion; their number is proportional to Nblue

/
(Nblue + NB−R).

Others may get on a green train, so they need to wait for a
blue train, no matter at which station (at a transfer station
or a station between the transfer and initial stations); their
number is proportional to NB−R

/
(Nblue + NB−R), and so the

number of the affected through passenger on the Blue line is
ThPaffectedblue which can be calculated by (3). The waiting time
for through passengers who take a Green train and wait for a
blue train is twaitblue−thp, which can be found through (4).

ThPaffectedblue =

s∑
i=1

m∑
j=s+1

Qij · NB−R
/
(Nblue + NB−R) (3)

twaitblue−thp = 60
/
2Nblue (4)

The situation is similar for passengers who enter a station
on the Red line. While the affected passengers on both lines
are considered in the proposed optimization model. For sim-
plicity, we only discuss the Blue Line as an example in this
section.

Therefore, the objective function can be expressed as (5).

min(ZTP + ZThP) (5)
where,

ZTP = TPaffectedblue ·

(
twalk
ls
+ twaitblue−tr

)
+ TPaffectedred

·

(
twalk
ls
+ twaitblue−tr

)
(6)

ZThP = ThPaffectedblue · twaitblue−thp + ThP
affected
red · twaitblue−thp (7)

C. CONSTRAINTS
1) LIMITATION OF AVAILABLE TRAINS
Since the trains cannot keep working all the time, if a train
reaches the standard mileage for prescribed maintenance,
it has to enter into the depot to undergo the correspond-
ing maintenance operations. Taking trains maintenance (not-
in-service trains) into account, the number of running trains
should not exceed the number of available trains in the Blue
line N a

blue
and Red line N a

red
. If there is insufficient capacity in

a particular line, the missing capacity can be supplemented by
another line in joint operation as the vehicle organization is
also flexible in joint operation in our optimization model. The
model assumes that Green trains are provided by the Red line.
The number of running trains is restricted by the turnaround
time and the number of available trains, and the resulting limit
is given by (8)–(9).

NB−R · t turnB−R

/
60+ Nred · t turnred

/
60 ≤ N a

red
(8)

Nblue · t turnblue

/
60 ≤ N a

blue
(9)

VOLUME 10, 2022 12369



Y. Yang et al.: Train Frequency Optimization Model for Joint Operation With Two Intersecting Metro Lines

Parameters ofNblue,Nred ,NB−R are the number of trains to
be operated only on the Blue and Red line and joint section
within each hour, respectively. Parameters of t turn

blue
, t turn

red
and

t turn
B−R

are the turnaround time of in the Blue line, Red line and
joint section, respectively.

2) DEPARTURE INTERVAL REQUIREMENT
Since the waiting time of passengers in the non-joint section
is mainly influenced by the train departure interval, a smaller
train departure interval is desired to decrease passenger wait-
ing time. But that may need more vehicles that result in
higher operation costs. From the perspective of the opera-
tion manager, the greater departure interval means saving
operation costs. From the perspective of safety operation,
two adjacent trains should satisfy a certain departure interval.
Taking technical, safety factors, and passenger demand into
account, the departure interval in each line is limited by the
maximum departure interval and minimum departure interval
within the line. Therefore, for the joint operation of two
intersecting lines, there will be four different headways that
should be required in the joint and non-joint sections, equated
by (10)–(13).

tmin intervals
blue

≤ 60
/
(Nblue + NB−R) ≤ tmax intervals

blue
(10)

tmin intervals
blue

≤ 60
/
Nblue ≤ tmax intervals

blue
(11)

tmin intervals
red

≤ 60
/
(Nred + NB−R) ≤ tmax intervals

red
(12)

tmin intervals
red

≤ 60
/
Nred ≤ tmax intervals

red
(13)

3) LOAD FACTOR CONSTRAINTS
Since the load factor η of a train, defined as the ratio of the
average load over a designated period of time to the peak
load occurring in that period. It not only reflects the service
quality of metro network but also the operating cost, so it
should be also taken into account in this paper. In order to
improve the quality of passenger service, trains should not be
overcrowded, and the load factor cannot be too small either
to save operating costs. Therefore, the ratio of passenger
volume to capacity within each area should have a certain
limit. Similar to the departure interval requirement, there
will be four different load factors that should be satisfied
when considering the joint operation of two intersecting lines,
equated by (14)–(17).

ηmin
≤ U joint

blue

/
(Nblue · Cblue + NB−R · Cred ) ≤ ηmax (14)

ηmin
≤ U joint

red

/
(Nred + NB−R) · Cred ≤ ηmax (15)

ηmin
≤ Unojoint

blue

/
Nblue · Cblue ≤ ηmax (16)

ηmin
≤ Unojoint

red

/
Nred · Cred ≤ ηmax (17)

To sum it up, the optimizationmodel for the train frequency
in a metro network with joint operation can be formulated as
the following model, which is subjected to limitation of avail-
able trains (8)-(9), departure interval requirement (10)-(13),

and load factor constraints (14)-(17).
Min Z = ZTP + ZThP
s.t. constraints (8)-(17)
Nblue,Nred ,NB−R ∈ Z+

(18)

V. CASE STUDY
A. CASE SETTINGS
In reality, the joint operation in the metro system is applica-
ble in many countries, especially in Y-type metro networks,
where the transfer stations experience more volume as all
the passengers of the feeder line need to wait there for the
trunk line. Therefore, we consider a Y-type metro network
in Beijing metro system to verify the effectiveness of our
proposed optimization model for joint operation in the metro
system.

Since the passenger flow mainly consists of commuters
in Beijing metro system during the morning peak hour
(7:00–9:00), who are from suburbs to the city center and
transfer in the intersection between suburban lines and urban
lines, the transfer station usually suffers from severe conges-
tion. Thus, we consider a typical Y-type metro network in our
case study, as shown in Figure 5, which consists of the Blue
line in the urban and the Red line in the suburban. On the Red
and Blue lines, there are 12 and 16 stations, respectively, and
XEQ is a transfer station connecting the Red line and Blue
line.

FIGURE 5. Red and Blue lines of Beijing metro system.

The passenger demand data was collected on a workday
of June 2021 to represent the dynamics of passenger flow at
each section. The demand profiles for each section on each
line are illustrated in Figure 6.

In the Y-type metro networks, the number of transfer
passengers during the morning rush hour of a workday
is 19531 per hour. The passenger flow from XSK to XZM
is 14539 persons per hour, which accounts for 74%of the total
transfer flow. Therefore, XSK–XEQ–XZMcan be considered
as the joint operation section, circled by the green dash line
in Fig. 5. During the morning peak hour, the departure time
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FIGURE 6. Passenger data.

TABLE 2. Values of some parameters in case.

interval of trains is shorter and the full-load rate is quite higher
than off-peak. The corresponding operation parameters are
listed in Table 2, including turnaround time, max/min head-
way, the number of available trains, etc.

Additionally, the turnaround time of XSK–XEQ–XZM is
100 min, while the minimum and maximum load factors of
all trains are 70% and 120%, respectively. The walking time
to the transfer station is 4 min.

Since the proposed objective function and constraints are
all linear, the presented problem is an integer linear program-
ming problem that can be solved by existing commercial
solvers. We used solver CPLEX 12.6 to solve the presented
mathematical model with the OPL language. The numeri-
cal tests are performed on a PC with Windows 7 platform,
Intel(R) Core(TM) i7-2130 with 2.7 GHz CPU and 8.00 GB
memory.

B. RESULTS ANALYSIS
1) OPTIMIZATION RESULTS
The turnaround time for a Blue train is two times longer than
for a Red train, so the required number of operating trains

is larger in the Blue line. Taking into account the fact that
the number of available trains is limited, the Blue line is not
suitable for providing Green trains, and all Green trains are
provided by the Red line.

The results of train frequency for the Blue and Red lines in
joint operation are shown in Figure 7.

FIGURE 7. Model results for the train frequency.

In Figure 7, the train frequency of the Blue line is 24, 18 for
Blue and 6 for Green; whereas the train frequency of the Red
line is 12, 6 for Red and 6 for Green.

The ratio of passenger volume to capacity (load factor) in
each section is shown in Figure 8.

FIGURE 8. Diagram for the passenger volume and train capacity in each
section.

Figure 8 shows that the passenger volume of the Red line
(XSK-XEQ) and the Blue line (XEQ-DZM) exceeds their
capacity, with their load factors greater than 1. While it’s near
to 1 in the Green Line (XZM-XEQ). Actually, the Red line
has the highest load factor during the morning rush hour in
Beijing and is as high as 1.4 for the Red line, and 1.12 for
the Blue line. Since we set the maximum load factor is set
as 120% in this study, the optimization results show that the
maximum load factor appears in the Red line, i.e., 115%.
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Under joint operation, the total transfer time during the
morning rush hour at XEQ Station is 50192 min. However,
if the Red and Blue lines operate independently, the total
transfer time increases to 92365 min. Hence, the total transfer
time can be reduced by 45.7% through applying joint opera-
tion, and the number of transfer passengers is reduced by half.

2) EFFECT OF THE NUMBER OF AVAILABLE TRAINS
The number of running trains is restricted by that of available
trains, given by N a

blue
and N a

red
. The number of trains available

in the Red line has been set to 16 so far, even though we
should note that choosing a different valuemay yield different
solutions. In this section, we will study the influence of
the N a

red
on the solutions. The number of available trains is

changed from 12 to 18, the corresponding result is shown
Figure 9.

FIGURE 9. Train frequency and total transfer time with different available
trains in the Red line.

Figure 9 shows that (i) if the number of available trains
in the Red line is 12, there is no solution. It is because the
capacity is insufficient and the load rate is over 1.2; (ii) if the
number of trains available in the Red line is greater than 17,
the capacity and the objective function do not change. the
reason is that the trains from the Red line cannot enter the
Blue line subjected to the train headway and load factor
constraints. Meanwhile, the number of joint trains is also
limited by these constraints; (iii) the objective function is
approximately 79563 min when N a

red
= 13. If the number

of available trains increased from 13 to 17, the value of the
objective function decreases from 79563 min to 43163 min.
In this case, the travel time of transfer passengers can be
reduced by 45.8%. Thus it can be seen that the number of
available trains on the Red line directly affects the efficiency
of the joint operation.

From the above analysis, we can see that a reasonable N a
red

can reduce both transfer time and operation cost. In other
words, the number of available trains cannot be too small to
avoid insufficient capacity while it cannot be too large either

to save operating costs. As shown in the above case, when
the number of available trains of the Red line N a

red
increases

from 16 to 17, the minimum transfer time, the minimum
number of trains, and the maximum number of available
trains could be achieved, and when N a

red
is greater than 17,

the cost will increase but the capacity will no longer improve.
That means the optimalN a

red
for the joint operation in this case

is 17 and the company does not need to buy more trains than
this threshold.

VI. CONCLUSION
In this paper, two types of train running strategies are firstly
proposed and studied. Based on the analysis of the two train
running strategies, we consider that the train running strate-
gies of replacing part of the original trains with new trains are
suitable for joint operation. After that, we analyze the affected
passengers under this train running strategy. Taking the limi-
tation of available trains, departure intervals, service quantity,
and operation cost into account, we propose an optimization
model for the train frequency in the joint operation to balance
the travel time of through and transfer passengers as well as
relieve the congestion in transfer stations.

Through the case study analysis, we can see that i) the joint
operation strategy can reduce the total transfer time by 45.7%.
Besides, under certain conditions, almost half of the transfer
passengers no longer need to transfer; ii) by increasing the
number of available trains in the Red line, both the affected
passengers and the total number of trains decreased. How-
ever, when this number was greater than a certain threshold,
the service capacity of the metro system did not change
because of other line available trains limitations. Therefore,
for joint operation, the train frequencies of each line should be
coordinated with each other; iii) the threshold for the number
of available trains can be obtained by our model. With a
reasonable threshold, the metro operation company does not
need to provide more trains than that threshold, which allows
them to reduce the expenses.

Compared to the conventional metro operation approach,
the joint operation can provide substantial benefits frommore
flexible track utilization. What’s more important is that it
can help to reduce the volume pressure in transfer stations
that may avoid terrible stampedes. Our optimization model
for train joint operation can help metro operation companies
execute better train running strategies and train frequency
schemes, thereby leading to a more efficient and sustainable
railway system.
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