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In the peak period of a railway system, operators typically add additional trains to provide increased capacity to satisfy the
increasing passenger demand. The paper proposes a new optimization framework for designing the operation plan, which
includes the number of additional trains, train type, stop plan, and timetable, for additional trains in a peak period. A space-time
network representation is used to obtain a feasible primary operation plan by finding a set of feasible space-time paths in the space-
time network. Considering simultaneously the passenger demand and the trains’ total travel times, we formulate a biobjective
integer programming model for generating a cost and passenger responsible primary operation plan. A set of loading capacity
constraints are formulated in the model to guarantee a suitable loading capacity for each station’s passenger demand and better
service for passengers. The CPLEX solver is used to solve the proposed model and to generate the optimal operation plan. Two sets
of numerical experiments are conducted on a small-scale rail corridor and on the Wuhan-Guangzhou rail corridor to evaluate the
performance of the proposed method. The results of the experiments show that the primary operation plan can be obtained within

an acceptable computation time.

1. Introduction

With the development of science, technology, and eco-
nomics, numerous kilometers of high-speed railway have
been constructed in some countries to meet increasing
passenger demands. The efficient operation of high-speed
trains has become an attractive issue in recent years. A plan
that is related to the operation of high-speed trains is called
operation plan, for example, a plan for the number of trains,
a timetable, a stopping plan, a plan for rolling stock, or a
crew plan. A well-designed operation plan can reduce
traveling times and provide better service for passengers.
From the perspective of the railway company, a satisfactory
operation plan results in lower operational cost and lower
energy consumption. This paper aims to solve the problem
of the operation plan for additional high-speed trains in peak
periods.

1.1. Motivation. The primary motivation of this study is the
insufficient railway transport capacity during peak periods.

Passenger demand for rail transport fluctuates. The demand
remains at a high level in some periods, which are called peak
periods, while the demand is at a normal level in other
periods, which are called off-peak periods. Consider rail
transport in China as an example: The passenger demand
surge is very strong in the period of the Chinese Spring
Festival. The number of passengers in the month of the
Chinese Spring Festival was 413 million in 2019. Although
the passenger demand fluctuation was considered in the
initial stage of the operation plan design, there were still
passengers who could not buy tickets to take a high-speed
train during the peak period due to the increased passenger
demand. In 2019, the number of passengers in the period of
the Chinese Spring Festival increased by 8.3% over the
previous year. The addition of trains has become a necessary
strategy of railway companies for increasing the transport
capacity in peak periods. A significant issue that is faced by
railway operators in practical operations is the design of a
satisfactory operation plan for additional trains in peak
periods in a short time horizon that can satisty large
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passenger demand and enhance the utilization efficiency of
the transport resource.

The railway organizational structure differs among
countries. In this paper, the rail undertaking (which operates
the trains) and the infrastructure manager (which constructs
the timetable) are the same organization. The organization is
called the railway company in this paper. The railway
company formulates a long-term operation plan via a
complex planning process at the beginning of the con-
struction of a railway corridor. Once the operation plan is
established, the railway company intends to use the oper-
ation plan for a long time with little modification. Robenek
et al. [1] developed a flow chart, which is presented as
Figure 1, that illustrates the railway company’s process of
designing a complete operation plan according to the de-
scription in Caprara et al. [2].

The railway organizational structure differs among
countries. In this paper, the rail undertaking (which operates
the trains) and the infrastructure manager (which constructs
the timetable) are the same organization. The organization is
called the railway company in this paper. The railway
company formulates a long-term operation plan via a
complex planning process at the beginning of the con-
struction of a railway corridor. Once the operation plan is
established, the railway company intends to use the oper-
ation plan for a long time with little modification. Lusby et al.
[3] developed a flow chart, which is presented as Figure 1,
that illustrates the railway company’s process of designing a
complete operation plan. However, operators typically adopt
the strategy of adding trains several weeks in advance.
Designing the operation plan for additional trains step by
step as Figure 1 will take a long time, especially the strategic
and tactic stages. Aiming to produce an operation plan for
additional trains in short-term horizon, we are interested in
how to design a primary operation plan including the
number of additional trains, train type, stop plan, and
timetable. In the process of Figure 1, the decisions of the
number of trains, train type, and stop plan are in the line
planning, while timetable generation is in the tactical level of
decision-making, which is restricted by the results of line
planning. Generating a comprehensive operation plan of
them on the tactic level can raise efficiency. The content of
the primary plan in our study is highlighted in red in
Figure 1. Generating the primary operation plan on the
tactic level can handle travel rush in the short-term and assist
the existing operation plan. Designing a primary operation
plan, which includes the number of trains, train type, stop
plan, and timetable, for additional trains, has not attracted
sufficient attention, and we hereinafter shall address this
issue formally.

1.2. Literature Review. The problem of this paper is the
problem of scheduling additional trains. In this literature
review, we first overview the literatures on the problem of
scheduling additional trains. The literatures on the problem
of scheduling additional trains directly are rare because the
problem of scheduling additional trains has not been con-
cerned widely. In addition, the purpose of our study is to
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obtain a comprehensive operation plan for additional trains.
The decision variables in our problem are the variables of the
number of additional trains, train type, stop plan, and
timetable. These variables also are studied in the Line
planning problem (LPP) and Train timetable problem
(TTP). Thus, our problem falls in the broad category of LPP
and TTP. The related literatures on LPP and TTP are also
overviewed in this section.

The problem of adding additional trains has not attracted
much attention. Only a few studies [4-6] focused directly on
the problem of designing an operation plan or timetable for
additional trains. Burdett and Kozan [4] considered the
problem of scheduling additional trains as a hybrid job shop
scheduling problem with time window constraints. The
original timetable was fine-tuned according to the opera-
tions and the demand of various customers or operators. A
constructive algorithm and a simulated annealing approach
were used to solve this problem. Cacchiani et al. [5] studied
the problem of scheduling additional freight trains in a
timetable of existing passenger trains under the constraint
that the timetable of passenger trains cannot be changed. An
integer programming model was established, in which an
ideal timetable of additional freight trains was specified and
adjusted according to constraints that ensure safe operation.
The objective was to add as many trains as possible and to
minimize the difference between the actual timetable of
additional freight trains and the ideal timetable. Gao et al. [6]
considered the problem of scheduling additional trains on a
high-speed rail corridor where only passenger trains were
run. To add more trains, the timetable of the original trains
may need to be modified in that study. A biobjective mixed-
integer linear programming model was formulated, of which
the objectives were to minimize the total travel times of the
additional trains and to adjust the timetable of the original
trains. Although all three of these studies considered the
problem of adding additional trains, they did not consider
the passenger demand. In addition, these studies focused on
the timetable of additional trains without considering other
operation plans; for example, the number of trains, stop
plan, has not been studied. Especially, the suitable number of
additional trains according to passenger demand is an
important issue, which is not attractive widely. This gap is
addressed herein.

Generally, the line planning and timetable generation are
designed separately. The line planning operation plan is
generated first; the timetable is specified according to it.
Pouryousef and Lautala [7] presented the hybrid simulation
framework to improve the capacity utilization of the railway
and timetable. The hybrid simulation experiments in this
paper were implemented based on two types of developed
simulation software, that is, timetable simulation system and
nontimetable simulation. The hybrid simulation approach is
to make use of the complementary features of nontimetable
and timetable, and use the output from a simulation system
as input for the other simulation system. Although the
hybrid simulation framework can obtain an operation plan
of timetable and nontimetable simultaneously, the approach
needs long running times and a computer with very high
performance. The joint modeling method is used in this
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FIGURE 1: The process of designing an operation plan for trains.

paper to obtain the primary operation plan including the
number of trains, type of train, stop plan, and timetable.
Yang et al. [8] first proposed the collaborative optimization
framework for both stop planning and timetable problems.
In the previous research, the timetable needs to be regen-
erated to meet the prespecified stop plan constraints. In
Yang et al. [8], the decision variables of the stop plan and
timetable are optimized jointly in a model, which reduces the
complexity of the problem. This paper further extends the
collaborative optimization method in Yang et al. [8] to the
problem of adding additional trains, wherein the variables of
the number of passengers, stop plan, train type, and time-
table are jointly optimized.

Although the specialized operation plan for additional
trains is not studied widely, LPP and Train Timetable Problem
are two related topics. LPP and TTP are studied separately
and two popular problems. LPP is to specify the number of
trains, the type of trains, and the stop plan for each train. Two
main conflicting objectives exist in the existing optimization
models: maximizing the benefits of passengers and mini-
mizing the operational cost of the rail system [2]. In general,
there are three types of models proposed in the literature
about LPP, namely, (1) cost-responsible models, (2) passenger
responsible models, and (3) cost and passenger responsible
models. Cost-responsible models are established for the
purpose of minimizing the operational cost [9-12]. Passenger
responsible models for LPP focus on maximizing the level of
service for passengers, that is, the number of direct travelers,
travel times, and waiting times of all passengers [13-15]. Cost
and passenger responsible models give a trade-off between the
cost of the railway company and the satisfaction of passengers
[8, 16-18]. Passenger demand is always ignored in literatures
of adding trains. However, it is the main purpose of adding
trains that is to meet passenger demand. To balance the
benefits of the railway company and the satisfaction of
passenger demand, this paper constructs a biobjective model
to design a cost and passenger responsible operation plan for
additional trains.

The stop planning problem is a subproblem of LPP. Stop
plan is to determine stations at which trains stop. The
simplest stop plan patterns is all-stop. In the all-stop pat-
terns, trains will stop at all stations along the railway corridor
and pick up all passengers at the station. The all-stop pattern
can meet all passenger demand but enhance the total travel
times and running distance, which does not benefit service
for passengers and operational costs. To balance passenger
demand, the service for passengers, and operational cost,
skip-stop patters are widely applied in practice. Trains may
skip the station with low demand to reduce total traveling
times and operational cost. Lee et al. [19, 20] presented an
optimization model under the skip-stop pattern and
designed an efficient genetic algorithm to obtain a skip-stop
strategy. Niu et al. [21] adjusted the train timetable for a rail
corridor under a predetermined skip-stop pattern to min-
imize the total passenger waiting time at stations. To trade-
oftf passenger demand and operational cost, this paper
studied the problem of adding additional trains also
adopting the skip-stop patterns.

The study on TTP is generally to provide an optimal
timetable, which both benefits rail company and passengers,
for a specific number of trains on a certain rail corridor or
network. More and more literatures studied demand-ori-
ented TTP [22-25]. Two types of models to describe the
TTP: (1) Mixed-integer linear programming models (MILP)
and (2) Integer programming models (IP). Mixed-integer
linear programming models are used to solve TTP [6, 24]. In
the mixed-integer linear model, the variables of time are
represented by continuous variables. Meanwhile, many
disjunctive constraints are introduced to describe the rela-
tionship between continuous variables and integer variables.
For example, the relationships between variables of depar-
ture or arrival times and the variables of stop plan are de-
scribed by the disjunctive constraints. With the scale of cases
increasing, the number of disjunctive constraints is in-
creasing more and more. As we know, too many disjunctive
constraints will weaken the solution process. The other type



of model is the integer programming model in time-space
networks. Space-time networks can represent well the spatial
and temporal characteristics of railway systems. The prob-
lem of railway systems can be transformed into the routing
problem in space-time network. The IP models based on the
space-time representation method are used in some litera-
tures of TTP [5, 26, 27]. This paper introduces the IP model
based on a space-time network to solve the problem of
designing an operation plan for additional trains.

1.3. Contributions. This paper makes three main contri-
butions: First, the traditional process of designing an op-
eration plan was simplified into a new process, as illustrated
in Figure 1. This process is suitable for designing an op-
eration plan for additional trains because the operation plan
should be established in a short time to quickly provide
suitable transport capacity for the passenger demand in peak
periods. The joint optimization framework is used to de-
termine the number of additional trains, the stopping plan,
the train types, and the timetable simultaneously. However,
due to the many variables, the complexity of the con-
struction model is high. Thus, using the space-time network
representation, we transform the problem of designing the
primary operation plan into a multiple-train path planning
problem in a space-time network. By finding a set of feasible
paths for additional trains, a feasible primary operation plan
for additional trains is obtained.

Second, we present a new biobjective integer pro-
gramming model for the design of the primary operation
plan for additional trains on a long-trip high-speed rail
corridor. Two conflicting objectives, namely, minimization
of the total deviation between the provided transport ca-
pacity and the passenger demand and minimization of the
total travel times of additional trains, are introduced into the
model. Via the formation of the objective function of pas-
senger demand and the loading capacity constraint, we can
generate the stopping plan successfully for additional trains
to provide a loading capacity that is close to the passenger
demand of each station. According to the objective function
of the total travel times, trains skip stations with small
passenger demand. The integration of the two objective
functions via linear weighting yields a trade-off between the
passenger demand and the travel times. The number of
additional trains is also determined according to the weights
of the two objectives. In addition, the attendance rate
constraints guarantee that the stopping plan for each ad-
ditional train can provide not only sufficient loading ca-
pacity but also satisfactory service for passengers. The train
type constraint can maintain a specified proportion of
various types of trains to provide more choices for pas-
sengers. Safety headway constraints are used to ensure that
the additional trains run safely on the rail corridor and do
not disturb the operation of the original trains for the safety
and stability of the whole rail system.

Third, two sets of experiments are conducted on a nine-
station rail corridor and Wuhan-Guangzhou high-speed rail
corridor to evaluate the effectiveness and efficiency of our
proposed methods. We use the CPLEX solver to solve the
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proposed model. The results on the small-scale example
demonstrate the satisfactory performance of the proposed
methods. Furthermore, via the adoption of various sets of
parameters and strategies, we evaluate the results of the
large-scale experiments. The experimental results demon-
strate that our proposed methods can generate an optimal
primary operation plan within acceptable computation
times. The selected parameters and strategies affect the re-
sults of the experiments. Operators can select the parameters
according to the application requirements.

The remainder of this paper is organized as follows: In
Section 2, we provide a detailed problem statement. In
Section 3, we present the assumptions and notations of the
considered problem. Then, a biobjective integer program-
ming model for the design of the primary operation plan is
formulated. The complexity of the model is also discussed in
this section. In Section 4, we conduct two sets of experiments
to evaluate the performance of the proposed approach. In
Section 5, the conclusions of this study are presented and
future work is discussed.

2. Problem Statement

In this paper, a double-track railway corridor is considered
as the physical environment of the problem. The railway
corridor consists of stations that are indexed by
ie€8{1,2,...,S8}, and adjacent stations are connected by a
segment, which includes double tracks; see Figure 2.
Moreover, in this double-track railway corridor model,
trains that travel in the inbound and outbound directions are
mutually independent. Without loss of generality, in this
study, only the scheduling of additional trains in the in-
bound segments is considered.

The set of trains that are considered in the model is
K,UK,, where K, denotes the set of original trains in the off-
peak period and K, denotes the set of additional trains that
the operators expect to add during the peak period. In the
oft-peak period, only the original trains travel on the railway
corridor, while in the peak period, the operators must add
additional trains to improve the transportation capacity and
to satisfy the passenger demand. The safe and efficient
operations of additional trains significantly impact pas-
sengers’ trips during the peak period. In this paper, we study
the problem of designing a primary operation plan that
includes the number of additional trains, the train types, the
stopping plan, and the timetable for the additional trains.

As above, we aim to obtain the primary operation plan
on the tactic levels. Thus, we here only consider the macro
demands at each station instead of counting the number of
passengers boarding and alighting. The number of passen-
gers at each station can be approximately obtained through
historical passenger demand data. Obviously, the macro
demand can cause the loss of accuracy. Thus, our operation
plan in this paper is just a primary operation plan which
needs to be adjusted and reoptimized in the next other
stages.

The number of additional trains should meet the
passenger demand during the peak period as much as
possible but not be so large as to cause a waste of transport
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FIGURE 2: A high-speed railway corridor with double tracks.

capacity. Additionally, since the departure and arrival
times of an additional train must maintain moderate time
intervals, namely, arrival headway and departure headway,
with its adjacent trains to ensure the safety of operation,
only finitely many trains can be added within a limited time
horizon.

In this paper, we consider the China high-speed railway
corridor as the decision-making environment, and all the
trains in this study are categorized into two types (denoted
by G and D) according to their maximum allowed speeds.
Here, G and D represent types of trains with maximum
velocities of 350 km/h and 250 km/h, respectively. Since (1)
there are only finitely many G-trains and (2) the cost and
ticket price of D-trains are lower, a specified number of
D-trains should always be present in the additional train
plan.

The stopping plan specifies whether a train stops or not
at a station according to the predicted passenger demand.
The stopping plan affects the quality of service for passengers
and the trains’ operation efficiency. Thus, we should es-
tablish a trade-off between maximizing the travel conve-
nience of passengers and minimizing the operation cost
when we design the stopping plan for additional trains.

The timetable determines the arrival, departure, and
dwelling times of each additional train at each station. In this
study, the timetable of the original trains is fixed. Thus, the
timetable for the additional trains must satisfy a headway
constraint to ensure that the additional trains do not disturb
the operation of the original trains.

Based on the spatial and temporal characteristics of the
operation plan, the design of the primary operation plan for
trains can be generalized to a space-time decision-making
problem. A space-time network considers both physical
paths and the time horizon, and it is a powerful tool for our
problem. For convenience, the problem is treated with two
processes: (1) the rail corridor is simplified as a physical
path graph G, (V, E), in which stations are represented by
nodes in V and inbound/outbound segments are repre-
sented by arcs in E, and (2) the time horizon is separated
into a set of timestamps, which is denoted by
T ={0,8,26,...,Nd}, where § is assumed to be an interval
of time length & and N is a positive integer that is suffi-
ciently large for ensuring that the interval [0, N§] covers
the planning time horizon. With the timestamps of the time

horizon, the physical path graph G, (V, E) is extended into
a space-time network graph G, (S,S', A, A"), in which S and
A represent the sets of space-time nodes and space-time
travel arcs that correspond to V and E, respectively, in the
physical network. In addition, dummy space-time nodes S’
that are related to V and station arcs A’ are added into the
space-time network.

A small-scale space-time network with the trajectory of
one train is illustrated in Figure 3. We consider a physical
path that consists of three segments from node 1 to node 4,
which represents a rail corridor from station 1 (origin) to
station 4 (destination). The time horizon is separated into
21 timestamps, namely, {0, d,20,...,216}, which are em-
bedded into the physical path for the construction of a two-
dimensional network that has both spatial and temporal
characteristics. Dummy space-time nodes that are related
to each physical node at each timestamp are also added into
the space-time network to represent the stopping plan.
Each physical node of the physical path is associated with
two space-time nodes at each timestamp. Travel arcs, which
connect two space-time nodes of adjacent physical nodes,
are considered as optional paths for the specification of the
departure times, the arrival times, the link travel times, and
the types of trains. In this paper, two types of travel arcs are
defined according to the travel times of the two types of
trains on each segment. For example, the travel arcs with
shorter travel times represent optional paths of G-trains,
and those with longer travel times represent optional paths
of D-trains. In addition, two types of station arcs, which
connect two space-time nodes of the same physical node,
namely, stop and nonstop arcs, are defined to represent the
stopping plans of trains, where the stop arcs are used to
describe the stopping plans and the dwelling times of trains
at the station. For example, in Figure 3, a space-time
trajectory of a train is presented to illustrate the operating
process. A D-train departs from station 1 (origin) at
timestamp 58 and arrives at station 2 at timestamp 86.
Then, the train does not stop at station 2 and departs from
station 2 at timestamp 8. Next, the train arrives at station 3
at timestamp 106 and dwells for a time interval at station 3.
After that, the train departs from station 3 at timestamp 11§
and arrives at station 4 (destination) at timestamp 1446.

Based on the space-time network in Figure 3, an ex-
ample is presented as Figure 4 to illustrate the process of
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FIGURE 3: The space-time path of a train in the space-time network.

designing an operation plan for additional trains in the
peak period. As shown in Figure 4, there are three original
trains (T'1,T2,T3), of which the origin station is station 1
and the destination is station 4. In an attempt to satisfy the
passenger demand in the peak period, two additional
trains, namely, T4 (G-train) and T5 (D-train), are added.
In Figure 4, the black lines and red lines represent the
space-time paths of the original and additional trains,
respectively. According to the trajectories of the additional
trains, various train types, stopping plans, and departure
and arrival times are selected according to the operation
requirements by finding paths in the space-time network.
For example, T4 and T5 are designed as different train
types because they select different types of travel arcs as
paths. In addition, as the passenger demand differs among
the stations, both T4 and T5 are scheduled to stop at
station 2, while only T'5 is scheduled to stop at station 3.
According to this example, the problem of designing an
operation plan for additional trains can be transformed
into a multiple-train path planning problem in a space-
time network. Furthermore, if binary decision variables
are introduced as indicators of whether the space-time
paths are selected or not, the feasible solutions can be
obtained to represent the temporary plan for additional
trains; namely, we can model this problem as a 0-1 integer
programming model.

3. Mathematical Formulation

In this section, a mathematical model is constructed for
obtaining the optimal operation plan for additional trains.
First, several assumptions are made to simplify the problem.

Assumption 1. Only long-trip trains are considered. All
trains depart from station 1 and finally reach station S.

Assumption 2. The travel times of trains of the same train
type along a segment are fixed, and the dwelling times of
trains at a station are fixed. In this study, the travel times of
trains are only related to the train type and the segment, and
the dwelling times of trains depend on the level of the
station.

Assumption 3. Overtaking operations are not permitted
under any circumstances; that is, it is forbidden no matter
what at stations or within segments.

Assumption 4. Empirical estimates of the loading capacity of
each train and the passenger demand at each station are used
in this study. The number of passengers who get on and off
each train at each station are not investigated in this study.
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Assumption 5. The capacity of the station and the rolling
stocks are unlimited.

3.1. Notations and Parameters. For the reader’s convenience,
all the notations and parameters that are used in the study
are defined in Table 1.

3.2. Decision Variables. To generate a feasible operation
plan, we must specify the space-time trajectory for each
train. Thus, the problem is transformed into an optimal path
choice process for multiple trains in a space-time network,
which involves three binary decision variables:

xi.‘, 1114 Selection indicator of the additional train k for
space-time travel arc (i',i + 1,t,1), which equals 1 if the
train k of type [ enters segment (i, + 1) at time t and

equals 0 otherwise;

xi.‘l,, . ,+ selection indicator of the additional train k for
space-time station arc (i,i', ¢, p), which equals 1 if train
k chooses stopping plan p at station i at time t and

equals 0 otherwise;

yk: selection indicator of the additional train k being
added, which is also a binary variable. It equals 1 if
additional  train k  satisfies the condition

7
Space-time network with trajectories of trains
@ Nodes in physical path
(O Nodes in space-time network
r:{) Links in physical path
k k
2 inrhea®y sy LG epea Xy, , > 0 and equals O

otherwise;
Np: number of D-trains;

N ,: number of additional trains.

Variables x§ . and x*, are typically associated with
L] Bistp . .

the generation of the feasible space-time path, which rep-

resents the feasible operation plan, for each train k € K,,

where K, denotes a set of trains: x:.‘, .11 determines the

departure time and the train type of train k € K,, while
xif’ P determines the stopping plan of train k € K.

In addition, K, ={1,2,...,|K,|} denotes the set of
additional trains that operators expect to add, where |K,| is
the maximum number of additional trains, to provide the
origin with the sufficient loading capacity, and it is defined as

follows:

Ql - ZkeKl ZtEszequalil,’t)P

; (1

K| =

Not all trains in K, are added into the operation plan in
the peak period under practical conditions. Therefore, we
introduce a state variable y* into the model according to
whether the train k € K, is added in the optimal solution or
not, and the number of additional trains can be calculated as
follows:
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TaBLE 1: Notations and parameters in this problem.

Notation

Definition

K, ={1,2,..,IK,}
K, ={1,2,..,IK,l}

Set of original trains
Set of additional trains that operators expect to add

G Set of G-trains
D Set of D-trains
T={12,...,|T|} Set of timestamps in the time horizon
V={L2,...,|V|} Set of physical nodes, which represent all stations
V' = { 2, IV'I} Set of dummy physical nodes, which represent all stations
E={1,2,...,|E|} Set of physical links, which represent segments
L={1,2} Set of train types: 1 indicates G-train and 2 indicates D-train
P ={1,2} Set of stopping plans: 1 indicates nonstop and 2 indicates stop
N Set of space-time nodes
s Set of dummy space-time nodes
A Set of space-time travel arcs
A Set of space-time station arcs
k Index of trains, k € KUK,
t Time index, t € T
i, Index of physical nodes, i, j € V'
i j Index of dummy physical nodes that correspond to i, j, i’, j' € V'
l Index of train types, [ € L
P Index of stopping plans, p € P
(i, 1) Index of space-time travel nodes, (i,t) € S
it Index of dummy space-time travel nodes, (i',t) € S’
(,i+1) Index of physical links that represent segments, (i,i + 1) € E
(i',i+1,t,1) Index of space-time travel arcs, (J,i+1,t,)eA
G,i',t, p) Index of space-time station arcs, G,i',t, p) e A
tim Travel times of trains of type I on segment (i,i+ 1)
dr Dwell time of trains on station i in stopping plan p
af’,m,:,z Selection indicator of the original train k for space-time travel arc i',i + 1,¢,]
affl.,’ 49 Selection indicator of the original train k for space-time station arc (i, i't, p)
qr Loading capacity of train k at station i
Q; Passenger demand at station i
Q Total passenger demand of all stations
Pmin Minimal departure headway
Hamin Minimal arrival headway
NP Required minimal number of D-trains
Ui Attendance rate of train k
Pax Maximum attendance rate
Penin Minimal attendance rate
C Capacity of each train
N, = Z yk. @) to each physical link for each train k € K. Similarly, at most,
KeK, one station arc will be chosen that corresponds to each

3.3. Formulation of the Constraints. Four sets of constraints
are considered in the process of designing the operation
plan: (i) unique space-time path constraints; (ii) safety
headway constraints; (iii) train type constraints; and (iv)
loading capacity constraints. Detailed formulations of each
set of constraints are presented in the following parts.

3.3.1. Unique Space-Time Path Constraints. To guarantee
that at most one connecting path is generated from the
origin to the destination for each train k € K, in the space-
time network, a series of space-time path constraints are
presented. We require that if the train k € K, is added in the
peak period, up to one travel arc is selected that corresponds

station for each train k € K,. Thus, constraints (3) and (4)
are defined as follows:

YN xhu =y Vke Ky Vie VIV, 3)
teT leL
k k .
sz’li’,t,p:y , VkeK,;VieV. (4)
teT peP

Furthermore, to ensure that all the selected travel arcs
and station arcs of each train k can constitute a connecting
path from the origin to the destination in the space-time
network, we balance the incoming travel arc and the
outgoing station arc for each space-time node
(i,t) € S/{(1,t)} and the incoming station arc and the
outgoing travel arc for each dummy space-time node
(', t) e SHUV', O}k
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xk =0, VkeKyVie——VteTandt—dl ¢ T,
et DTRE {v
(Y xF, <1, VkeK,;i=1;VteT,
pep LiLtp
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) pgpxi»i'v‘>P - léx(i‘l)""’f‘ff,wl =0, VkeK,;Vie o VteTand, t—t;;,, €T (6)

| peP {1

3.3.2. Safety Headway Constraints. To ensure safe opera-
tion, additional trains must be scheduled under opera-
tional restrictions on the departure and arrival times to
avoid collisions. Since in the space-time network the
departure and arrival times of trains are represented by
space-time arcs, the operation plans of additional trains
can be controlled by implementing restrictions on the
selection of the space-time paths. Thus, additional trains
must avoid selecting incompatible arcs as paths. Incom-
patible arcs are travel arcs that have been already selected
as paths by other trains; the selection of such an arc could
cause a collision. As a result, in this model, the sum of all
incompatible arcs should be less than 1. These constraints
are expressed in detail as follows:

(1) Departure and Arrival Headway Constraints. For the
security of interstation operations, if two consecutive trains
depart from or arrive at a station, we should set a time
interval between the departure/arrival times of these two
trains in preparation for each train’s arrival or departure
operations. In this study, the departure and arrival time
intervals are called the departure and arrival headways.
Then, for each added train, the departure and arrival
headways should not only be considered in the arrival/de-
parture operations of other adjacent additional trains but
also be applied to the original trains.

An implementation case of the departure headway
constraint is illustrated in Figure 5. For two consecutive
trains that depart from station i in succession, if the first
train departs at time f,, to satisfy the specified headway
constraint, the second train should not depart from station i
earlier than t + hy ,;,,, where h; ;. is the minimal departure
headway.

For example, in Figure 5, for the travel arc that is as-
sociated with space-time node (i',,), the next compatible
arc must be the travel arc that is associated with space-time
node (i',ty + h ) namely, all travel arcs that are related to
the space-time nodes within the range of
{G', 1), ..., (i g + hymin — 6)} are incompatible, where & is

v
Y xf, =0, VkeKy Vie oy Ve Tand,t 1}, ¢T.

a unit time interval. As a result, the sum of the decision
variables and other parameters of the original trains that
are involved with these incompatible arcs should be less
than 1. The departure headway constraint is expressed as
follows:

keK, I€L te{ty,...to+hmn—1}

Vie V{IVI}; Vt, € T, andty + hypy, — 1 € T.

k k
Xi el T Z Z Z A <L

keKy IeL te{ty,....tg+hmin—1}

(7)

Similarly, an implementation case of the arrival headway
constraint is illustrated in Figure 6. If the station arc that is
associated with space-time node (i, t,) is selected as the path
for the first train, which arrives at station i at time t,,, then the
next train must select the station arc that is associated with
space-time node (i,t, + h, ) as its path to avoid conflict;
namely, the station arcs that are related to the space-time
nodes within {(i,y), ..., (i, ty + hymi, — 6)} are incompati-
ble. The arrival headway constraint on the incompatible arcs
is expressed as follows:

k
XY X et X
keK, PEP to,..tothymin—1 keKy PEP te{ty,...tg+hy min—1}

VieVI{1}; Vt, € T, andty + h, — 1 € T.

k
At 1p S 1,

(8)

(2) Tracking Headway Constraint. The tracking headway
constraint is applied to avoid collision between two con-
secutive tracking trains that are traveling on the same
segment. There are three types of tracking operation: two
trains of the same type; a D-train goes after a G-train; and a
G-train goes after a D-train. Based on the assumption that
trains of the same type share the same velocity and travel
times, trains of the first type of tracking operation can
operate safely under departure and arrival headway con-
straints. In addition, since a G-train is much faster than a
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ty+ hdmin

The minimal departure headway
| I

FIGURE 5: An illustration for departure headway constraint.

ty+h

amin

The minimal arrival headway

gl

FIGURE 6: An illustration for arrival headway constraint.

D-train, collisions never occur in the second type of op-
eration. However, two consecutive trains in the third type of
operation are at risk of collision; see Figure 7.

An example of the third type of tracking operation is
illustrated in Figure 7, where t7,,, —t},,, denotes the dif-
ference between the G-train’s travel time and the D-train’s
travel time on the segment (i,i + 1). For this segment, if
t?.,1 —ti,1 >0, collisions may occur between these two
consecutive trains: If the D-train departs from station i at
time t,, and the following G-train departs from station i at
time ¢, + § or t, + 29, train collision would result. To avoid a
collision, the following train should depart from station i no
earlier than t; + t: 1 = ”H Hence, the arc (i',i+ 1, ty,2) is
incompatible with other arcs that are assoc1ated with space-
nodes within {to +1, Lty — 8} The decision
variables of the additional trains and the parameters of the
original trains that are involved with these incompatible arcs

should satisty the following condition:

k k
Xiitltg2 T X i1l

keK
2 teftgrltorid, -1l -1}

k
+ z Z i jgen |S 1

keK
! te{t0+l t0+tn+1 tx+1 1}

1z+1t 2+

Vi € V/{|V|}andt
-1eT.

HH >1; Vt, € Tandt, +t;

ii+l i,i+1

11+1

(9)
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FIGURE 7: An illustration for tracking headway constraint.

3.3.3. Train Type Constraints. In practice, once a train has
been determined to run on a specified rail corridor from
origin to destination, its train type never changes. In this
paper, a train type constraint is applied to ensure that on all
travel arcs that are chosen as space-time paths for each
additional train k € K,, the train type remains the same:

v
Y X = D Xy e Y€Ky Vi j e i vielL
teT tel

(10)

Although the D-train is slower than the G-train, the
ticket price of the D-train is lower. To provide more choices
for passengers, we impose a train type constraint that en-
sures that at least a specified number of D-trains are involved
in the additional train plan:

Z sz'iﬂtZZNmm’ VieV, (11)
keK, teT
where NP. s the threshold value of the required minimum

number of D-trains.

3.3.4. Loading Capacity Constraints

(1) Constraint on the Loading Capacity for Each Station. The
objective of this paper is to provide sufficient loading ca-
pacity for the satisfaction of the increasing passenger de-
mand during the peak period. In this paper, only long-trip
trains on the rail corridor are considered, which not only can
provide abundant loading capacity to satisfy most of the
passenger demand but also avoid waste of transportation
resources. Passengers whose demand is not satisfied by this
operation plan can commute between their origin and
destination by taking other short-trip trains and by trans-
ferring several times.

However, since the track capacity of the rail corridor and
the number of additional trains that can be added into the
operation plan are both finite, it is possible that the maxi-
mum loading capacity that is provided by these long-dis-
tance trains will still fail to satisfy the passenger demand of
each station in the peak period. Mathematically, the total
loading capacity of the additional trains and the original
trains that is provided to each station i € S does not exceed
the passenger demand at each station i € S:
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where g represents the loading capacity of train k at station
i, which is determined mainly by the type of train, the level of
the stations, and empirical historical data on passenger
demand, among other factors. Q; is the estimated passenger
demand at station i, which is obtained based on historical
travel data. As specified in Assumption 5, instead of con-
sidering the exact numbers of passengers who get on and oft
each train at each station, the passenger demand at each
station is considered from a microscopical perspective.

(2) Attendance Rate Constraints. These constraints are used
to restrict the loading capacity of each additional train in the
operation plan. The attendance rate is an important factor
for measuring the level of utilization of a train’s capacity. The
attendance rate is calculated by dividing the total passenger
load of the train by the maximum capacity of the train. Based
on this method, we define the attendance rate of train k as
follows:

.y / ’fx]f.,
w, = 2 i ’t’p)eé Whiee e K,VieV. (13)
Under an excessive attendance rate, too many passengers
are loaded by a train, which leads to low-quality service.
Thus, an attendance rate constraint is imposed to limit the
attendance rate of the additional train k € K, to avoid
overload of the train:

Mk < Umax> Vk € KZ’ (14)

where ... denotes the threshold value of the maximum
attendance rate of each train.

In contrast, under a low attendance rate, the train’s
capacity is underutilized. To avoid the waste of the train’s
capacity, the attendance rate of the added train that is de-
rived from the optimal solution should exceed the minimum
attendance rate p ;.. In addition, if the train k is not in-
volved, g, will be set to zero, since not all trains in K, will be
added in the final optimal solution. Thus, we use the binary
variable y* to formulate the model, and these two disjunctive
constraints are expressed as follows:

banin = MY* <y VK € K, (15)

X <M1=y, VkeK,vieV, (16)
(i'i+1,61) €A

where ... is the threshold value of the required minimum

attendance rate of each train and M is a suficiently large

number. At least one of these two constraints should be

satisfied.

3.4. Objective. To improve the quality of service for pas-
sengers, operations with shorter travel times and dwelling
times are preferred. In addition, to minimize the cost to the
railway company, the number of additional trains should be
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minimized in the operation plan under the condition that as
much of the passenger demand be satisfied as possible. Thus,
the first objective is to minimize the additional trains’ total
travel times:

_ 1 k p. k
Tyora = Z Z i1 X e t Z Z d; Wil tp

keKy (i'i+1,t1)eA keK; (i tp)eA’
(17)

The first term on the right-hand side of equation (18) is
the total link travel time, which determines the number of
additional trains and the types of the train since the link
travel times are the same for each train type. The second term
is the total train dwelling time, which is related to the
stopping plan of the additional trains.

To satisfy as much passenger demand as possible in the
peak period, the difference between the total passenger
demand and the total supply capacity of all trains, namely,
both the original trains and the additional trains, should be
minimized. Thus, the second objective function minimizes
the difference:

Q=Q-Y Y 4x,- Y

keKy (ii't,p)eA’ keKy (i rp)eA’

k k
qi %' t,p

(18)

Here, Q is the total passenger demand. The second term
on the right-hand side of equation (18) is the sum of the
loading capacities of the original trains, and the third term
on the right-hand side of equation (18) is the sum of the
loading capacities of the additional trains.

The two objectives that are specified above may conflict
with each other in the scheduling process; that is, more ad-
ditional trains and stops can decrease the number of unsatisfied
passengers but inevitably increase the total travel times. To
resolve this potential conflict, we use a linear weighting method
to trade off between these two conflicting objectives. Due to the
difference in the dimensions of the travel times and passenger
demand, we normalize the two objective functions:

min
T _ Ttotal ~ { total
total ~ omax Tmin >
total total
(19)

Q, = Q- Q™
d ~ ~max min’

Q™ - Qj

where T, and Q, are the normalized values of T, and
Qg respectively; T and Q™" are the minimum values of
T and Qy, respectively, under constraints (3)-(16); and

oy and Q7 are the maximum values of T, and Qg ,
respectively. Based on the discussion above, we model the

linear weighted objective function as follows:
F= GITtotal + 026:1’ (20)

where 0, and 0, are the prespecified weights of these two
normalized objective functions. According to the practical
operation scenario, we empirically determine two suitable
parameters to obtain the optimal temporary plan, in which the
total travel times and the difference between the total passenger
demand and the total loading capacity is minimized.
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3.5. Complexity of the Model. Two types of binary decision
variables are proposed in this model: The decision variables
of the first type, namely, xl{‘,’m’ ., and xf’i,’ o determine space-
time paths of additional trains in the space-time network.
The decision variables of the other type, namely, y*, indicate
whether each additional train is added or not, which are
defined to formulate constraints (3), (4), (15), and (16). In
addition, all constraints in the model are linear equalities or
inequalities. The objective function of this model is a
combination of two normalized linear objective functions
with linear weighting. Consequently, our model is a mul-
tiobjective 0-1 integer linear programming model.

In the following, the complexity of the model is dis-
cussed. The total numbers of decision variables and con-
straints are listed in Table 2, where the values are the possible
maximum values. According to Table 2, the complexity of
this model depends on the number of stations on the rail
corridor |S|, the numbers of time intervals |T'|, the expected
number of additional trains |K,|, the number of types of
trains |L|, and the number of stopping plans |P|.

An example is presented to illustrate the complexity of
this model more concretely. Five additional trains on the rail
corridor with 20 stations, 2 types of trains, and 2 stopping
plans for each train on each segment are considered in these
experiments. When a space-time network with a time ho-
rizon of 250 timestamps is constructed, there are 47,500
variables with respect to xiﬁ i1+ 90,000 variables with re-
spectto x,,and 5 variables with respect to y*. This results
in a large-scale 0-1 integer linear programming model
with a total of 97,505 binary decision variables.

4. Numerical Experiments

In this section, several numerical experiments are conducted
to evaluate the effectiveness and efficiency of our proposed
model, and the IBM ILOG CPLEX 12.5 solver is used to solve
the 0-1 interprogramming model. All experiments run on a
computer with an Intel Core i7 4790K CPU and 8 G RAM.

4.1. Small-Scale Case Study. In this case study, we consider
an inbound single-track rail corridor with 9 stations and 8
segments; see Figure 8. These stations are numbered con-
secutively from 1 to 9 along the same inbound direction, and
two types of high-speed trains that differ in terms of speed,
namely, G-trains and D-trains, are considered in this ex-
periment. The link travel times of the two types of high-
speed trains on each segment are presented in Figure 8. For
simplicity, the dwelling times of all trains at each station are
set to 2 minutes. The minimum departure and arrival
headways are both set to 2 minutes to ensure the safe op-
eration of additional trains and to ensure that the operation
of the original trains is not disturbed.

In this experiment, there are also 6 original G-trains,
which are labeled from G1 to G6 according to their de-
parture time and type, in the off-peak period, and the
resulting operation plan is presented in Figures 9 and 10. The
loading capacity of each train at each station is listed in
Table 3. The passenger demand in the peak period and the
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supply capacity of the original trains in off-peak period at
each station are also listed in Table 3. To satisfy as much of
the passenger demand in the peak period as possible, in this
case, the expected number of additional trains is 5 according
to the passenger demand at the origin; see equation (1). In
addition, the maximum capacity of each train that is con-
sidered in this experiment is assumed to be 400, and we set
the minimal number of D-trains to N, . The value of the
attendance rate for each train should fall within the range of
[0.9,1.2] to avoid the waste of transport capacity and to
improve the service. In this experiment, the time interval § in
the space-time network is set to 1 minute, and we conduct
this experiment with a time horizon of [0, 160] minutes. The
weight coeflicients of the objective function are set to 0.1 and
0.9, namely, 6, = 0.1 and 6, = 0.9.

Based on the discussion above, we design codes on the
MATLAB platform for obtaining the optimal solution by
using the CPLEX solver. According to the resulting optimal
solution, the objective value of the total travel time T, is
476, and the value of the unsatisfied passenger demand Q,; is
245. The optimal timetable and stopping plan for the trains
are presented in Figure 9, in which the black lines indicate
original trains and the red lines denote additional trains. In
Figure 10, the solid dots denote the train stopping at the
corresponding station for passenger boarding/alighting,
while the hollow dots indicate that the train does not stop at
that station. The supply capacity for each station in the peak
period that is derived from the resulting optimal solution is
listed in Table 3. As a result, as presented in Figure 9, a
temporary operation plan is obtained by adding four ad-
ditional trains in the peak period. In addition, departure and
arrival time intervals of these additional trains ensure their
safe operation and noninterference with the operation of the
original trains.

In this case, according to the passenger demand at the
origin, the expected number of additional trains is set to 5.
However, according to the resulting optimal solution, only
four additional trains are added into the operation plan,
which can balance the total travel times and the passenger
demand. These four additional trains lead to an increase in
the level of the satisfaction of the passenger demand from
54% to 95%. However, one more additional train will not
only increase the total travel times of trains but also decrease
the attendance rates of the trains, thereby resulting in
wasting of the transport resources of the rail company. The
number of additional trains that is derived from the resulting
optimal solution differs from the expected number of ad-
ditional trains at times because the optimal number of
additional trains is influenced by the passenger demand not
only at the origin station but also at the intermediate sta-
tions. In addition, according to Figure 10, the passenger
demand at the intermediate stations influences the stopping
plan for the additional trains. All additional trains are
scheduled to stop at two stations; namely, station 2 and
station 3, to provide sufficient loading capacity because the
passenger demands of stations 2 and 3 are much larger than
those of the other stations. At the other stations, not all trains
are scheduled to stop; for example, only D9 is scheduled to
stop at station 5.
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TABLE 2: Numbers of variables and constraints in model.

Variable or constraints

Total number at most

Binary decision variable x; ;.

Binary decision variable x,
LiLtp

=

Binary decision variable y
Unique path constraint (3
Unique path constraint (4)

Unique path constraints (5) and (6)

Departure and arrival headway constraints (7) and (8)
Tracking headway constraint (9)

Train type constraint (10)

Train type constraint (11)

Loading capacity constraint (12)

Loading capacity constraints (13) and (14)

Loading capacity constraints (15) and (16)

~ =

(IS =1) - IT] - L] - |K]

S|~ [T - [Pl - 1K,
K|
(ISI-1)- 1K
NEReY
28] - K| - T
2-(ISI-1D- Tl
(IS = 1) - IT|
(ISI=2) - [L] - K5
N
N
2+ Kyl
2-|K,|

Station 1 2 3

Link travel times

(G-train) 9 14 22

Link travel times 11 16 24
(D-train)

12 11 17 10 8

14 13 19 12 8

FIGURE 8: A one-way single-track rail corridor.
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FIGURE 9: Timetable for trains in the small-scale experiment.

4.2. Large-Scale Experiments on the Wuhan-Guangzhou High-
Speed Rail Corridor. In this study, a large-scale experiment
on the operational environment of the Wuhan-Guangzhou
high-speed railway corridor in China is conducted in which
atemporary plan is designed for additional trains in the peak

passenger demand period. The Wuhan-Guangzhou high-
speed railway corridor is the first high-speed railway cor-
ridor in which the trains’ maximum velocity is 350 km/h.
The corridor consists of 18 stations and 17 segments, and it is
1069 km in length, see Figure 11.
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Figure 10: Stop-plans for trains in the small-scale experiment.
TaBLE 3: Loading capacity, passenger demand, and supply capacity (unit: person).
Station 1 2 3 4 5 6 7 8 9 Total
Loading capacity of each train 100 60 95 60 90 50 70 75 — —
Passenger demand in peak period 1100 540 900 300 460 260 370 525 — 4455
Supply capacity in oft-peak period 600 240 475 180 360 150 210 300 — 2515
Supply capacity in peak period 1000 480 855 300 450 250 350 525 — 4210

4.2.1. Basic Experiment on the Wuhan-Guangzhou High-
Speed Rail Corridor. The experiment is conducted within
the time horizon of [0, 600] minutes on the Wuhan-
Guangzhou high-speed rail corridor, and two types of trains,
namely, G-trains and D-trains, are considered in these ex-
periments. The length of each segment and the travel times
of these two types of trains are listed in Table 4. For sim-
plicity, the dwelling times of the trains are set to 4 minutes at
Changsha South station and to 2 minutes at the other
stations.

In this study, we discuss passenger demand only from
a macroscopic level, and we do not track the number of
passengers who get on and off. The daily passenger de-
mand at the station i is derived from historical data on the
daily origin-destination (OD) passenger flow [28], which
equals the sum of the OD passenger flow from station i to
other stations. In addition, since only high-speed trains,
namely, G-trains and D-trains, are scheduled and we set
the time horizon to within [0,600] minutes in this ex-
periment, we multiply the daily passenger demand that is
derived from the historical data at each station by a co-
efficient of 0.5. In addition, we set the passenger demand
at Wulongquan East, Lechang East, and Yingde West
stations to 0 since the passenger flow is omitted from the
historical data [28]. The passenger demand at each station
is listed in Table 5.

The rolling stocks on the Wuhan-Guangzhou high-speed
rail corridor are mainly CHR380 or CR400, which are
typically composed of 16 vehicles or 8 vehicles. To fully
utilize the transportation capacity, we assume that all ad-
ditional trains are composed of 16 vehicles and that each
additional train has a maximum loading capacity of 800

people in these experiments. Furthermore, according to the
level of the station and the historical data on the passenger
demand of each station, the loading capacity of each train at
each of these stations is assigned; see Table 5.

We design 20 original trains, namely, 19 G-trains and 1
D-train, in the off-peak period from Wuhan to Guangzhou
North in the time horizon of [0,600] minutes in this ex-
periment. The supply capacities of these original trains at
each station are listed in Table 5. However, these original
trains are far from sufficient for providing a capacity that
satisfies the passenger demand at each station in the peak
period. According to the passenger demands and the loading
capacities in Table 5, we expect to add five additional trains
to these original trains based on equation (1). To provide
passengers with more options, at least one D-train must be
included in these additional trains, namely, N2, = 1. The
minimum arrival and departure headways in this experi-
ment are both set to 4 minutes, namely, h, . =26 and
hymin = 20. The weight coefficients of the total travel times
and the difference between the total passenger demand and
the total loading capacity are set to 6, = 0.1 and 0, = 0.9,
respectively. To fully utilize the trains’ capacities, we set the
maximum attendance rate and the minimum attendance
rate as y,. = 1.2 and p,;, = 0.9, respectively.

An experiment is conducted on the MATLAB platform
with the CPLEX solver to obtain the optimal temporary
operation plan for additional trains in the peak period on the
Wuhan-Guangzhou rail corridor. According to the resulting
optimal solution, a total of 5 additional trains, with the
optimal objective value of 893.1, should be added into the
operation plan. Under the optimal objective value, the total
travel time is 1212 minutes, and the difference between the
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FiGure 11: Map of Wuhan-Guangzhou high-speed railway
corridor.

TaBLE 4: Length and travel times of each segment.

Travel times

Segment Length (min)
(km) . .
G-train D-train

Wuhan-Wulongquan East 47 10 12
Wulongquan East-Xianning 38 8 10
North

Xianning North-Chibi North 43 8 10
Chibi North-Yueyang East 87 18 22
Yueyang East-Miluo East 70 14 18
Miluo East-Changsha South 77 16 20
Changsha South-Zhuzhou West 52 10 12
Zhuzhou West-Hengshan West 84 18 22
Henshan West-Hengyang East 41 8 10
Hengyang East-Leiyang West 55 12 14
Leiyang West-Chenzhou West 98 20 24
Chenzhou West-Lechang East 106 20 26
Lechang East-Shaoguan 44 8 12
Shaoguan-Yingde West 87 18 22
Yingde West-Qingyuan 57 12 14
Qingyuan-Guangzhou North 36 8 10
Guangzhou North-Guangzhou 47 10 b
South
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total passenger demand and the supply capacity is 319
people. The resulting optimal timetable and stopping plan of
the original trains and the additional trains are presented in
Figures 12 and 13, in which the original trains and the
additional trains are numbered according to their departure
times from the origin; namely, the original trains from left to
right are numbered as G1, G2, .. ., G20, and the additional
trains from left to right are labeled as G21, G22, D23, G24,
and G25. The supply capacities of the trains that are derived
from this operation plan at each station are listed in Table 5.

According to the resulting optimal solution, all addi-
tional trains can maintain safety departure and arrival
headways at each station of the rail corridor. In addition,
they do not disturb the operations of the original trains; see
Figures 12 and 13. Since the link travel times of D-trains are
longer than those of G-trains, only one D-train is among the
additional trains, which facilitates the minimization of the
total travel times of all additional trains. In addition, as
discussed above, the passenger demands at Wuhongquan
East, Lechang East, and Yingde West stations are set to zero
in our experiments, and none of the additional trains stop at
these three stations, which further decreases the total travel
times of the additional trains. According to the results, the
stopping plan of these additional trains is mainly influenced
by the passenger demand, for example, all five additional
trains stop at Changsha station due to its huge passenger
demand, while none of the additional trains stop at
Hengshan West station.

The total passenger demand of this rail corridor in the
peak period is 19065 (see Table 5), and the original trains
only offer a capacity of 14676. The five additional trains add a
capacity of 4071, which satisfies approximately 98.3% of the
passenger demand along this rail corridor. Although the
operation plan can satisfy most of the passenger demand,
there are two stations, namely, Yueyang East and Chenzhou
West, to which sufficient capacity is not provided. As a
result, a minority of the passengers, namely, approximately
319 passengers, must travel to their destinations by taking or
transferring to short-trip trains.

4.2.2. Additional Experiments on the Wuhan-Guangzhou
High-Speed Rail Corridor. Several additional experiments
are conducted by adopting various parameters on the
Wuhan-Guangzhou high-speed rail corridor to further
evaluate the performance of our model. Unless stated
otherwise, the parameters are the same as for the experi-
mental data in Section 4.2.1.

(1) Additional Experiment with Respect to the Attendance
Rate Constraints. In this paper, two objective functions on the
travel times and passenger demand are considered, which
partially avoids the wasting of the loading capacity of the
additional trains. In addition, better control over the atten-
dance rates of trains can provide better service for passengers
and improve the efficiency of the utilization of the trans-
portation resource. In this study, to further examine the
influences of the attendance rate constraints, an experiment in
which the attendance rate is not considered is conducted.
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TaBLE 5: Loading capacities, passenger demand, and supply capacity (unit: person).
Station Loading capacity Passenger demand Supply capacity of Supply capacity of the
of each train in peak period existing trains new operation plan
Wuhan 205 4500 3600 4500
Xianning North 50 175 100 150
Chibi North 40 160 40 160
Yueyang East 187 1500 1200 1440
Miluo East 100 225 150 200
Changsha South 293 6500 5200 6500
Zhuzhou West 125 1000 600 1000
Hengshan West 100 400 400 400
Hengyang East 150 1250 1000 1250
Leiyang West 170 375 280 350
Chenzhou West 160 1000 640 896
Shaoguan 200 1500 1120 1440
Qingyuan 100 200 135 180
Guangzhou North 70 280 210 280
Total — 19065 14675 18746
Guangzhou South I ' I I I I I I I
Guangzhou North
Qingyuan
Yingde West
Shaoguan
Lechang East
Chenzhou West
g Leiyang West
g Hengyang East
“ Hengshan West

Zhuzhou West
Changsha South

Miluo East

Yueyang East

Chibi North
Xianning North
Wulongquan East

Wuhan L L
0

60 120 180

—— Existing train
—— Additional train

240 300 360
Time horizon (min)

420 480 540 600

FIGURE 12: The timetable of trains in the basic experiment.

According to the optimal solution of this experiment, five
additional trains remain to be added. The total travel time is
1212 minutes, and the difference between the total passenger
demand and the supply capacity is 319 people. To demonstrate
the difference between this experiment and the previous basic
experiment, the timetable and the stopping plan of this ex-
periment are displayed in Figures 14 and 15. Statistical analyses
of each additional train that is added in the previous basic
experiment and in this experiment are presented in Table 6.

Compared with the previous basic experiment, the
number of additional trains and the objective value that is
derived from the resulting optimal solution of this experi-
ment do not change. However, differences are identified
between these two operation plans, especially in the stopping
plans. The loading capacity or attendance rate can be used to
measure the efficiency of the stopping plan. Overload leads
to poor services, while low-load typically results in a waste of
available resources. The results demonstrate that the
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FiGure 13: The stop-plans of trains in the basic experiment.

stopping plans of the additional trains in this experiment are
unreasonable; see Table 6. For example, the loading capacity
of G23 is 1108, while the loading capacity of D22 is only
approximately 480. In addition, overload enviably leads to
longer dwelling times. For example, the dwelling time of G23
is 12 minutes longer than that of D22 in this experiment.
A comparison of the loading capacity and the attendance
rate between these two experiments shows the impact of the
attendance rate constraint on the stopping plan; see Figure 16.
As shown in Figure 16, the stopping plan in the previous basic
experiment is more balanced, in which the loading capacities
of additional trains are much closer to the maximum capacity
of 800, and the attendance rates are much closer to 1. The
phenomenon supports the efficacy of imposing the atten-
dance rate constraint to increase the efficiency of stopping
plan and to generate a more reasonable operation plan that
balances the loading capacities of the additional trains.

(2) Additional Experiments with Respect to the Weight Co-
efficients. 8, and 6,. In this section, we examine the influ-
ences of the weight coefficients 6, and 6, in objective
function on the performance of the proposed model. We set
6, and 6, to {0, 1.0}, {0.1,0.9}, {0.2,0.8}, {0.3,0.7}, {0.4, 0.6},
{0.5,0.5, {0.6, 0.4}, {0.7, 0.3}, {0.8,0.2}, {0.9, 0.1}, and {1.0, 0}
in these experiments. To facilitate the examination of the
influence of the weight coefficients, we set the maximum
attendance rate to y,,,, = 1.5 and the minimum attendance
rate to y,;, = 0.7 in these experiments. The results of these
experiments are presented in Table 7.

The first two terms, namely, T',,; and Q,, which denote
the total travel time of the additional trains and the un-
satisfied passenger demand, of the objective function are
important indicators for evaluating the efficiency of the
operation plan. The values of T\, and Q, with the various
weight coefficient values are listed in Table 7, according to
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FiGuURE 14: The timetable of trains in the experiment without attendance constraints.

which T, and Q, display various tendencies as functions
of {6, 0,}. For instance, when {6,,6,} varies from {0.4, 0.6}
to {0.5,0.5}, T\, decreases from 381 to 262 minutes, while
Q, increases from 1299 to 2124 people, respectively.

The weight coefficients determine the strategy that is
applied in decision-making. In the experiment, the weight
coefficients significantly influence the number of additional
trains in the optimal solution.

Since more additional trains can provide a larger ca-
pacity to improve the level of satisfaction of the passenger
demand while increasing the total travel times, the number
of additional trains depends on the parameter pair {6,, 6,}.
According to Table 7, when 6, varies from 0.2 to 0.3, the
number of additional trains decreases from 5 to 4. Mean-
while, the total travel time decreases from 606 to 494
minutes, and the number of unsatisfied passengers increases
from 319 to 759 people. Moreover, when 6, is set to 0.6, 0.7,
0.8, 0.9, or 1.0, only one additional train can be added into
the operation plan, which satisfies the minimum required
number of D-trains. When {6, 6,} is set to {0.4,0.6} and
{0.5,0.5}, the unsatisfied passenger demands are 759 and
1299 people, respectively, with 4 additional trains, which
demonstrates that the weight coefficients influence not only
the number of additional trains but also the stopping plan.
Hence, the results of these experiments demonstrate that the
weight coefficients significantly affect the operation plan.

In addition, from Table 7, the weight coefficients sig-
nificantly influence the variation of the computation times.
The computation times of the CPLEX solver are approxi-
mately 3,000 s for most cases except for { 0.2 0.8 }, for which

the computation time is 20,000 s. Thus, a heuristic algorithm
with faster arithmetic speed should be designed in our future
research.

(3) Additional Experiments with Respect to the Minimum
Number of. D-Trains NP, . As two types of high-speed trains
that differ in terms of velocity, G-trains and D-trains are
considered. It is too necessary to investigate the influences of
various values of NP. on the experimental results. We
conduct experiments under the condition that the minimum
number of D-trains is 1, 2, 3, 4, or 5. The attendance rate is
required to be within [0.7 1.5] in this set of experiments.

Table 8 lists the experimental results for various values of
Elin'

Because two types of high-speed trains that differ in terms
of velocity, namely, G-trains and D-trains, are considered in
this study, it is necessary to investigate the influences of
various values of N2, on the operation plans. We conduct
experiments under the condition that the value of N2 is set
to 1, 2, 3, 4, or 5. In addition, the attendance rate is set to
within the range of [ 0.7 1.5] in this set of experiments. The
weight coeflicients of the total travel times and the passenger
demand in these experiments are set to 0.1 and 0.9, respec-
tively. The experimental results are presented in Table 8.

The results demonstrate that the number of D-trains,
Np, that is derived from the resulting optimal solution is
equal to the minimum number of D-trains, NP. | that were
required in the model. The reason is that the longer link
travel times of the D-trains would increase the total travel

times of additional trains as the number of D-trains
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Figure 15: The stop plan of trains in the experiment without attendance constraints.
TABLE 6: Some statistical data of each additional train in the results of two experiments.
Two Additional Link travel Dwelling Attendance Loading
experiments trains (min) times (min) times (min) rate capacity (person)
G21 218 12 0.936 750
. G22 218 14 1.031 825
Basic
experiment D23 270 8 0.900 720
P G24 218 12 1.085 868
G25 218 14 1.135 908
G21 218 14 1.2 963
. . G22 270 6 0.6 480
The experiment without
attendfnce rate constraints b23 218 18 1.385 1108
G24 218 12 1.088 870
G25 218 10 0.813 650
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FIGURE 16: The comparison of loading capacity and the attendance rate of additional trains. (a) Basic Experiment. (b) Experiments without

attendance constraints.

TaBLE 7: Optimal solutions and computational times with different
weight coefficients.

0, 0, F Ny Twa Qg Computational times (s)
00 1.0 319 5 636 319 3535.851
01 0.9 8931 5 606 319 3765.045
0.2 08 14672 5 606 319 18672.136
0.3 0.7 20133 4 494 759 3637.107
04 0.6 23034 4 381 1299 3338.284
0.5 05 2372 2 262 2124 3429.896
0.6 04 21848 1 143 3317 3325.990
0.7 03 19%.1 1 143 3317 3462.992
0.8 02 18074 1 143 3317 3432.277
09 01 16187 1 143 3317 3471.721
1.0 0.0 1390 1 139 3797 3552.153

TasLE 8: Optimal solutions and computational times with value of

Nﬁin'

NP N, Np Tga Qs Computational times (s)
0 5 0 580 319 3424.896s

1 5 1 606 319 3765.045s

2 5 2 632 319 3976.685s

3 5 3 655 559 5437.791 s

4 — _ — _ —

5 — — — — —

increases. To reduce the total travel times of the additional
trains, the optimal number of D-trains in these cases should
be equal to the minimum number of D-trains. In addition,
the number of D-trains affects the satisfaction of passenger
demand. Since D-trains have longer link travel times, a
satisfactory solution for reducing the total travel times is to
reduce the number of stops of the D-trains. For instance, the
number of stops of two D-trains is 8 under the condition of

ND. =2, while the number of stops of the three D-trains is 6
under the condition of ND. =3. With an increasing

number of D-trains and a decreasing number of stops of
D-trains, the number of unsatisfied passengers under the
resulting optimal solution also increases. According to Ta-
ble 8, the number of unsatisfied passengers increases from

319 to 559 as the number of D-trains increases from 2 to 3;
namely, the number of unsatisfied passengers at Chibi North
increases from 0 to 40 and that at Zhuzhou West from 0 to
200.

When the value of NP, equals 0, 1, and 2, the objective
values of the unsatisfied passengers are the same. However,
we cannot identify feasible solutions when the value of N2,
is 4 or 5. This is because compared with the G-train travel
arc, there would be more travel arcs that are incompatible
with the D-train travel arc due to its longer travel times.
Thus, if the value of NP, is large, it is difficult to find a
feasible path for a D-train in the space-time network. Ad-
ditionally, according to Table 8, the computation times
increase as the value of NP, increases, which is expected
because more D-trains would cause more conflicts between
D-trains and G-trains.

5. Conclusions

This paper solved the problem of designing an operation
plan for additional trains on a high-speed rail corridor. A
specialized optimization framework for the design of an
operation plan for additional trains is proposed. In the
framework, all plans of the number of trains, stop plan, train
type, and timetable are jointly optimized. In this paper, we
assume that the original trains have priority for rail infra-
structures; thus, the operation plan for original trains is
fixed, and additional trains cannot disturb the operation of
the original trains. To provide suflicient transport capacity,
the objective of minimizing the deviation between the
passenger demand and the transport capacity was proposed,
which was not considered in previous studies on adding
trains. Meanwhile, a conflicting objective of minimizing the
total travel times of the additional trains to minimize the cost
for the railway company was constructed. To obtain the
number of additional trains, the train types, the stopping
plan, and the timetable for the additional trains simulta-
neously, several decision variables were introduced, which
increase the complexity of the model. By employing a space-
time network diagram and determining the space-time
characteristic of the operation plan, we transformed the
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problem of designing the operation plan into a multiple-
train path planning problem in a space-time network to
increase the efficiency of the modeling. Thus, a biobjective
integer linear programming model was constructed. Al-
though we design a primary operation plan, various practical
details were considered in this model. For example, headway
constraints were imposed to avoid collisions and to avoid
disturbing the original trains, and constraints on the at-
tendance rate were imposed to ensure the utilization of the
capacity of each train. Two sets of experiments were con-
ducted to evaluate the performance of the method. A small
experiment was conducted to evaluate the performance of
the proposed approach. In addition, using real data from the
Wuhan-Guangzhou rail corridor in China, a set of large-
scale experiments were conducted to evaluate the applica-
bility of the proposed method. The experimental results
demonstrate that the proposed method can be used to obtain
a reasonable primary operation plan for additional trains
efficiently.

In future research, we will consider this problem on the
microlevel. Various operations in stations, for example, train
acceleration, deceleration, and overtaking in stations, and
the station capacity will be considered. We will also consider
the passenger demand on the microlevel and the passenger
demand at the origin and destination (OD). In addition, we
will extend the model to the high-speed rail network, which
will require additional variables and constraints in the
model. Thus, the design of an efficient and intelligent al-
gorithm for solving more complicated models is necessary.
The efficient design of a more practical and flexible operation
plan for additional trains on the rail network will be our
research direction.
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