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Abstract: The intercity railway is subject to variation and fluctuation in demand both in time and
space over a day to a large extent. In that case, more advanced line planning techniques are practically
needed to match the non-equilibrium passenger demand. We propose an integer linear programming
model for adapting to the fluctuating demand and improving rail line profit, in which the multi-
period planning approach and flexible train composition mode are taken into consideration. In
particular, we also consider the limitations of the carriage and the dynamic transfer of resources
during a finite period to ensure the better implementation of the line planning and subsequent
operation plans. Our purpose is to improve on previous line planning models by integrating the
multi-period strategic-level line planning decision with resource constraints. Since the problem is
computationally intractable for realistic size instances, an improved round heuristic algorithm that
is based on linear relaxation is proposed and we compare the round heuristic performance with
the commercial solver Gurobi on artificial instances. The numerical experiments that are based
on an intercity railway in China certify the effectiveness and applicability of the proposed model
and algorithm. We evaluate the impact of different optimization parameters and reserved carriages
and the computation results show that in comparison to the fixed composition mode, the proposed
approach can improve the utilization efficiency of carriage resources and increase the line profit by
1.9% under the same carriage resource conditions.

Keywords: line planning; flexible compositions; fluctuating demand; multi-period; carriage resources
transfer; intercity railway

1. Introduction

With the rapid development and expansion of metropolitan circles, more and more is
travel demand increasing between neighboring cities. As an important part of the multi-
mode rail transit system, the intercity railway has a vital role in breaking the space-time
constraints between cities, stimulating regional economic growth, and promoting the inte-
grated development of urban agglomerations. To meet the growing transportation demand,
several intercity railway lines have been operated in China. The intercity railway has the
characteristics of higher density and shorter distances covered compared with the trunk
railway, and the demand is mainly for daily commuting, which causes the notable fluctu-
ation of passenger demand over the space-time dimensions. The space non-equilibrium
and time-dependent are two main characteristics of fluctuating passenger demand, which
might cause great complexity to the operation planning and affect the service quality for
the passenger accordingly. Since the passenger demand has the characteristics of significant
fluctuation in terms of time and space, the static railway planning approach with a fixed
train formation will result in a mismatch between the train capacity and passenger demand.
In this case, more advanced planning techniques with flexible operation schemes are prac-
tically needed to match the non-equilibrium passenger demand, increase the utilization
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rate of rolling stocks, and then further save operation costs [1-4], which is conducive to the
sustainable development of the transportation industry [5].

This paper proposes an integer linear programming model for adapting to the fluctu-
ating demand considering carriage resources transfer under flexible compositions. We are
motivated by the study of Giiveng Sahin [6] and Zhou W. [7]. The line planning problem
with fluctuating demand was treated by Giiveng Sahin [6] and he presented a multi-period
line planning mathematical model framework. There are three important features that are
considered in that model: first, the variation and fluctuation of demand in both time and
space are considered; second, a dynamic transfer of resources from one line to another
throughout the planning horizon is considered; third, the available capacities are given
by the line decisions, which generalizes the way of introducing the capacity through the
number of carriages. While this model implicitly assumes that all trains stop at all stations
and the passenger demand in both directions of the intercity line is symmetrical. Zhou
proposed an optimization model of the train plan on the intercity railway that was oriented
for elastic demand to maximize train operation benefits. Their models optimize the train
stop schemes and departure times. However, only the line planning in one direction is
generated and the transfer of resources between periods is not considered. In this paper, we
concentrate our efforts on solving the line planning problem with asymmetrical fluctuating
demand, multi-type stop-patterns, and limited carriage resources for a given intercity line.
The main scientific contributions of this paper are as follows:

(i) We consider a multi-period planning problem incorporating line frequency, capacity,
stop-pattern, and the transfer of resources.

(ii) Given the asymmetric fluctuating demand, the upstream and downstream line plan-
ning are generated simultaneously.

(iii) Resource transfer between different periods and different directions is considered to
ensure the availability and allocation of operational resources throughout the periods.

(iv) Under the limited resources, the behavior that passengers may choose an alternative
mode or continue to wait is considered.

(v)  The capacity of the line is determined by the number of carriages under flexible compositions.

The remainder of this paper is organized as follows. A brief review of the relevant
literature is presented in Section 2. The problem description and base mathematical
model are given in Section 3. We give a detailed description of the improved round
heuristic algorithm in Section 4. In Section 5, numerical experiments with a real intercity
railway line are provided to demonstrate the effectiveness of the proposed model and
algorithm. Discussions are also given in this section. Section 6 provides a conclusion and
recommendations for future studies.

2. Literature Review

The line planning problem (LPP) is a critical issue in railway planning which can
balance demand and operation facilities. Line planning is usually based on the time-space
distribution of demand, line capacity, and vehicle resources, which determines the train
routes, frequency, stop patterns, and composition mode. The effectiveness of a line plan
is often judged by the level of service and the associated travel costs from the passenger
point of view and by the operation costs and facility utilization factors from the operators’
point of view [8]. In general, the development of LPP has experienced a process from
simple to complex, from static demand to dynamic demand, from single line planning
optimization to integrate optimization of another operational planning process. There
have been numerous LPP studies that focus on sub-processes, such as those that are
mainly concerning route design [9], frequency setting [10,11], stop planning [12,13], and a
combination of the above [14,15]. Below, we briefly introduce the critical literature that is
relevant to this paper.

LPP in transportation can go back to 1965 [16], which introduced the basic theoretical
framework. Since then, numerous studies and reviews [6,8,17] have been conducted on
LPP for public transportation. Initially, LPP was always designed with a static demand
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because of its complexity, e.g., a day, a certain part of the day, an hour [6,18,19]. The line
planning literature has immensely progressed by considering the demand for transport as
static, and problem formulations suppose that the demand rate stays the same for a given
origin-destination during the planning horizon. The intercity railway systems are subject to
a high level of variation and fluctuation in demand over the day. When this variation and
fluctuation are observed in both time and space, it is crucial to develop line plans that are
responsive to demand. Then, some scholars questioned the appropriateness of using the
same line plan over the day [8,20]. When formulating the train line planning, the railway
department always considers the impact of the fluctuation characteristics in both time
and space of the passenger demand. For example, the “time-varying” characteristics of
passenger flow demand urge the railway department to operate multi-period line planning
under the flexible composition mode. The “space non-equilibrium” characteristics may
cause the imbalance distribution of the number of carriage resources at different stations.
In this case, the railway department also needs to consider the dynamic resources when
formulating line planning. So, when the demand is extremely unsteady and asymmetric, the
traditional line planning methods are not convincing and an approach that can adapt to the
demand fluctuation is needed. Some scholars have taken the average daily passenger flow
as the basis and considered the elastic characteristics of demand to a certain extent [7,15,21].
Recently, some studies have gradually focused on the time variability of demand [6,22-25]
and they always apply the multi-period planning method to remedy any defects.

While a multi-period planning approach is a remedy for the demand fluctuation, the
problem becomes more complicated due to the coupling constraints [26]. Although con-
straints for a period allocate essential resources to activities, coupling constraints transfer
the resources among activities from one period to the next. In this respect, a multi-period
LPP comes inherently with resource constraints and their allocation throughout periods
because a multi-period line plan needs to be feasible during each period concerning the
associated resources as well. This necessity leads to the integration of line planning deci-
sions with decisions on allocating resources. Integrations between the different levels of
decision-making in transportation systems planning have been a topic of general interest
in the literature. A generic operational planning process [27,28] in railway transporta-
tion is illustrated in Figure 1, which generally follows a hierarchical top-down approach,
from strategic network design and line planning, tactic timetabling, rolling stock plan-
ning and crew scheduling, to operational re-scheduling [25,29-31]. In most cases, studies
explore the integration of line planning and timetabling or timetabling and rolling stock
scheduling [32-35]. Line planning is often scheduled before rolling stock circulation plan-
ning, which may lead to the infeasibility of the following operation plan and increase the
complexity of the operation plan [34]. If such systems are subject to limitations of resources,
a dynamic transfer of resources from one line to another throughout the planning horizon
should also be considered.

Strategic Level -- Tactic Level -+ Operational Level —

Network
Planning

\ " N
> Line \ Train > Rolling slnck Crew \

) R&Schcdulmg

P]anmng / Tlmetahlmg// Schedulmg// Piannmg/ /

Figure 1. Illustration of railway planning procedures.

This study focuses on the integrity of line planning and rolling stock scheduling in
the form of resource constraints. The line planning problem is the first planning stage after
network design in the public transportation system [36,37], which is an important basis
for formulating the train timetable and resource circulation scheme. Thus, it is essential to
study the new line planning approach with fluctuating passenger flow demand [6]. In this
paper, we proposed a line planning approach in response to the space non-equilibrium and
time-dependent demand. As stated by Giiveng Sahin [6], the line planning problem with
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fluctuating demand comes inherently with resource constraints to ensure the scheme’s fea-
sibility. Different from Giiveng Sahin [6], we think that resources may be scarce during peak
periods, and discussed the impact of the number of resources on the line planning scheme.
We are motivated by the lack of line planning approaches to handle high variations and
fluctuations of demand in both time and space. The flexible composition mode is an active
method that can cope with complex passenger demand changes by making full use of the
transport capacity of each rolling stock [4,38]. We aim to discuss multi-period line planning,
recognizing the connection between period-coupling resource constraints in multi-period
planning and the integration of line planning with resources that are associated with later
stages of planning. We will mainly complete the following three tasks: (i) Proposing a
multi-period planning approach in response to high levels of fluctuation and variation
in demand. (ii) Integrating the multi-period strategic-level line planning decision with
resource constraints that ensure the availability and allocation of operational resources
throughout the periods. (iii) Applying the flexible composition mode to the LPP. This
study focuses on developing a novel multi-period line planning approach that considers a
changing demand and flexible composition mode. The optimization method is developed
to solve the line planning problem with a profit-oriented approach considering the transfer
of carriage resources during a finite length planning horizon of multiple periods. By this
method, it is expected to match the passenger demand with the scheduled transportation
capacity, further improve operational flexibility, and extract gains in efficiency through flex-
ibly determining the number of train formations and formulating corresponding operation
plans according to the demand in different periods.

3. Mathematical Model
3.1. Problem Description and Assumption

As stated above, more advanced planning techniques with flexible operation schemes
are practically needed to match the non-equilibrium passenger demand and then further
increase rail line profit. At present, the research and practical application of flexible
composition mode are gradually mature.

To give a clear description of the operation process of this paper, some terms are
introduced below. Here we define a train as a group of locomotives and carriages, which
can be coupled with various carriages, yielding different marshalling types of trains. The
type of trains for implementing a service can also be called composition mode which
shows how many carriages are equipped with a train [4]. In general, a train consists of
two locomotives and several carriages under a flexible composition mode. We extended
the line to have the stops attribute. Specifically, a line is a simple path with stops between
terminal stations 1 and L. The number of carriages of a line is denoted by k. The set of all
the lines is called a line pool.

Figure 2 illustrates the operation process with the flexible composition mode. The
stations of the rail line are numbered from 1 to L. All the trains with different numbers
of carriages start at one of the two terminal stations, 1 or L, and end respectively at the
other terminal station. As the rail line is a dual track, there will be no potential conflicts for
collision between two trains using the same track heading in the opposite direction. The
terminal stations can carry out train technical operations, such as turn back, disassembly,
and reconnection. After the trains in one direction arrive at the terminal station, these
carriages will be disassembled and reconnected to form the trains in another direction.
Tthere will also be a depot nearby to store redundant locomotives and carriages. Compared
with the fixed composition mode, the flexible composition mode can utilize the carriages
more efficiently, which can reduce the purchase cost of carriages in reality.
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Figure 2. Illustration of the operation process in this study.

3.2. Parameters, Decision Variables, and Notations

The model in this section determines the line stops, their frequency, and the num-
ber of carriages in a given intercity railway line such that a given fluctuating demand
transportation volume, again given by an OD-matrix, can be satisfied as much as possible
under the rail line, then the profit can be maximized. We predefine a line pool for each
direction, in which each line starts at a terminal station and ends, respectively, at the other
terminal station. The line planning problem that was studied in this paper is different from
the line planning problem with equilibrium demand, and the additional constraints must
be considered when studying the line planning problem with fluctuating demand. The
consideration of resource availabilities and the circulating of resources comes naturally and
inherently with this problem.

The main assumptions are as follows. First of all, the fluctuating demand is given at
an interval of 1 h. If the passengers arriving in a certain period cannot be fully satisfied,
the remaining passengers have the probability of waiting for the next period to travel.
This is because we have observed that in real life, some passengers may change their trip
when they cannot travel at the expected time. Then, we do not assume the OD-matrix to
be symmetric. Passenger flows in different directions are often asymmetric during peak
periods. This also means we need to simultaneously consider the line planning problem in
different directions. Next, we only consider one type of train, and the number of carriages
can range from 2 to 16. Lastly, the train is only disassembled and reconnected at the
terminal stations.

The notations, input parameters, and variables for the optimization problems that are
under consideration are listed in Table 1.
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Table 1. Parameters, decision variables, and notations.

Notations Description
Sets
S Set of stations, i,j € S
A Set of sections, a € A
T Set of the time periods, t € T
P Set of possible passenger paths from station I to station j, p € P;;
p Set of all passenger paths, p € P
L1P Set of possible lines with train OD, route, and stops in the upstream direction, I € £"P
Ldown Set of possible lineswith train OD, route, and stops in the downstream direction, I € L"?
K Set of the possible number of carriages of a line, k € K
F Set of operation frequency of a line, f € F
D Set of OD-pairs, (i,j) € D
Azp Set of riding arcs in the upstream direction, 4 € Azp
.A‘Zm"” Set of riding arcs in the downstream direction, 4 € Azp
AL(p) Set of riding arcs passed by path p, 4 € AL (p)
Parameters
Ui 0-1 parameter, if line 1 stops at all stations, #; = 1; otherwise, #; = 0.
0 The passenger-kilometer fare rate of the train
Tp Travel distance of path p
Cq Fixed organization cost of one carriage
Cr Operation cost per unit mileage of one carriage
L The length of the rail line
@ Passenger time value
q;,(t) Number of passengers from station i to station j at time period ¢
€ The probability that unserved passengers choose to travel in the next time period
o The capacity of one carriage
uvr Maximum number of lines that can be operated in the upstream direction of each period
Ldown Maximum number of lines that can be operated in the downstream direction of each period
f Minimum number of operate lines of each period
u Time required for technical operations such as coupling, decoupling, and turn-back
N Number of reserved carriages
1(a) Mapping between riding arc 4 and line
Variables
Binary variable, if line | with k
x;’]’i () carriages are operated with frequency f in the upstream direction at ¢
p time period, xlbf?k(t) =1; otherwise x;ffprk(t) =0
x??f‘;{" ) . Binary Variable,. if li.ne 1 with.k carria}ges a};g operﬁted. with frgquer;gy f B
o in the downstream direction at ¢ time period, x; f,k( t) =1; otherwise x; f,k(t) =0
Yp(t) Integer variable, the number of passengers traveling on path p at time period ¢
z; () Integer variable, number of unserved passengers from station i to station j at time period ¢
ndown () Integer variable, number of carriages remaining in the downstream direction at time period ¢
n"P(t) Integer variable, number of carriages remaining in the upstream direction at time period ¢

3.3. Mathematical Model

To maximize the revenue of train operation, on the one hand, we should optimize the
structure of train operation and reduce the cost of train operation; on the other hand, we
need to improve the level of train service and serve more passengers. Therefore, maximizing
the revenue of train operation will help to improve the social and economic benefits of
railway transportation simultaneously. This paper aims to maximize the revenue of train
operations. Suppose the revenue of train operation is obtained by calculating the difference
between the train ticket price revenue and train operation cost. In that case, the cost of
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train operation is divided into the fixed cost of train operation and train operation cost.
Therefore, the objective function (line profit) of our problem is described as follows:

maxZ = p3 ser ZpeP ]/p(t) “Tp — YteT LilelLvr 1keK ZfeF xlujzk(t) - f-

k(Cg+L-Cr) — Lter Lie pdown Lkek Lfer X1 ¢ down(t) - f - k(Cg+L-C) —g-e- (1)
Yrer Liij)eD Zij(t)

Equation (1) is composed of four terms. The first term represents the line revenue. The
second and third terms represent the line operation cost in both directions. The last term is
a waiting time penalty for passengers who cannot travel in the expected time period and
choose the next time period.

The constraints that are considered in the model are as follows:

zii(t) = qi,j(t) +z;(t —1)e — Zpgpi,j yp(t),Vt€T,(i,j) € D 2)
Z EP‘_yp(if) <q;j(t) +zj(t—1)e Vvt >1,(i,j) € D 3)
Yopiacap) Yr (D) S Yoper Yker Xitny px(8) - k-8, 9t € T,0 € A} @)
Zp ac AL (p ) < ZfeF Zkel( down )-fk-8,t€T,ac A" 5)
ZZGL”P Yoer tker S x?;k <u”wvteT (6)

Y e pioon ZfeF Yover S x?%ﬁ” B <uvn vre T %)

Zfel—" Zke]( xsz )< 1,VvteT,le " (8)

ZfeF Zkerf}?‘;(" ) <1,VteT,Ie Llown )

Yoicm dper Yok Xipi(t) fom = £Vt (10)

Yorepioon Dper Yokex Mg (8) - f 1 > £, (11)

O (1) = nP (t = 1) = Yye paoon Lper Dker X[ Fo (E=1) - f - k+

up (12)
Yicew Lrer Trek X it — ) - f -k VE € T,t>1

n'P(t) = n"P(t —1) = Yieew Lrer Tex Xy pi(f=1) - f - k+ .

Yojepdown ofeF LkeK xflofu;’("( u)-f-kVteT,t>1
Y1 pioon ZfeP ek x??‘ulin fok <™ (), VEE T (14)
Yo Yoper Spex Npu(t) - f k< n"P(t), vt e T (15)
ndown (1) 4 P (t) = N,t =1 (16)
b (0,5 € {01}, Vt €Tl e L,f e FkeK (17)
yp(t) e Zt,VpeP (18)
z;j(t) e Z*,Vt € T,(i,j) € D (19)
U (1), " (1) € Z*, vt (20)

Equation (2) are used to calculate the number of passengers that are traveling from sta-
tion i to station j who are not served in the ¢ time period. Equation (3) stipulate a passenger
flow of q; ;(t) + z; j(t — 1)e for each OD-pair (i, j) € D in the ¢ time period. Observe that the
variable zi,j(t) > 0, constraint (3) can be replaced by constraints (2). Equations (4) and (5)
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enforce the sufficient transportation capacity on each riding arc. Equations (6) and (7)
are upper-bounding the service capacity at each time period. Equations (8) and (9) en-
sure that a line is operated with at most one frequency and one number of carriages.
Equations (10) and (11) guarantee that at least one line with all-stop pattern shall be oper-
ated in each period. Equations (12) and (13) are used to calculate the number of reserved
carriages that are remaining after the t — 1 time period. Equations (14) and (15) limit
the number of carriages that can be used at each time period. Equation (16) assigns the
reserved carriages to upstream and downstream directions. Equations (17)—(20) are domain
constraints for all the decision variables.

4. Solution Algorithm

Note that the proposed line planning model with resource constraints becomes NP-
hard. Although it is a linear integer programming model that can be solved by commercial
solvers, it is not an effective method for real-scale cases. Heuristic algorithms and meta-
heuristic algorithms [39,40] are widely used to solve various complex engineering problems.
Due to integrating the multi-period strategic-level line planning decision with resource
constraints, it will be a challenging task to design neighborhood rules. Fortunately, we can
use the linear relaxation technique to deal with the complex constraints first. Then, a round
heuristic [41,42] is designed to obtain a satisfied solution to the original problem.

There are four main steps of the proposed heuristic algorithm: first, the linear re-
laxation solution of the original problem is obtained by a commercial solver, and round
the variables n*? (t), n°%" (t) of the first time period, t = 1; second, count the number of
passengers on each riding arc, and filter out the integer variable x and update the number
of passengers on each riding arc; third, round the remaining variables x according to the re-
maining resources and passengers on the riding arc, then update the number of passengers
on each riding arc; and fourth, check the line capacity and remove overloaded passengers.
The detailed Algorithm 1 is described as follows:

Algorithm 1: The improved round heuristic algorithm.

Input: LP solution (x*'”p,x*'”p,y*,n*'”p,n*’dow”>

Output: IP solution (x*'”p, S O VA T A n*'d”w”)

1 set n*4ovn(t = 1) = round (n*'d"w”(t = 1)),11*’"7"(1? =1) = round(n*"?(t = 1))
2 forteTdo

3 calculate n**P(t)
R () = n (¢ = 1) = Tiepu Tper xfh €= 1) f -k +
Y edown ZfeF xl*,'jg,liwn t—w-fk
4 7%= (0]
// check whether the variable x is an integral value
6 set riding arc weights 75 = ¥,.0c.4, () Yp » T4 *= Ta
7 for € LY do
8 for f €F do
9 for k €K do
10 if X7 (t) =1 then
11 X () =1
12 s =max{0,ms — 6 f -k} forael
13 end
14 if x/;,(t) is fractional then
15 |27 =27 v
16 end
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Okm

5

11

Algorithm 1: Cont.

17 ‘ end
18 end
19 end
// recompute the frequency and number of carriages for each fractional line
20 n =n""P(t)
21 for LeZ do
" if {5']?{ EAZ Yrer Srek X pp(t) - f -k -8 or 8- f -k = max{m,|: a € 1}}
and f - k < n then
% X2 =1
24 mg =max{0,my — 8- f -k} forael
25 n=mn-— f -k
26 end
27 end
28 end
// check and handle oversaturated riding arcs
29 for a € A7 do
30 if w5 > Y rer Ykex X, pa(t) -6 - f -k then
31 remove overloaded the passenger on the path p:a € A, (p) and upate
Yo ()
32 end
33 end
34 repeat step 3~step 33 to process variables in downstream direction
35 end

5. Numerical Experiments

This section analyzes the proposed model’s validity based on the historical data of a
particular intercity railway in China and formulates the intercity line planning based on
the fluctuating passenger demand.

5.1. Scenario Setting

As shown in Figure 3, an intercity railway has 17 stations with a total length of 116 km.
Stations 1 and 17 are the terminal stations. Currently, the operating speed is 200 km/h, and
the 8-carriage EMU is used for operation with a rated capacity of 557 people. It is equipped
with 9 storage lines of the bullet train, which can store 9 groups of 16-carriage EMUs at the
same time.

15 23 32 37 45 52 64 70 83 93 97 109 113 116km

@—O—O—O—O—O—O—O—O—O—O—O—O—O—O—O—@

S1

S2

S3

S4 S5 S6 S7 S8 S9 Si0 Si1 S12 S13 S14  S15 S16  S17

© Terminal stations O Intermediate stations
Figure 3. A certain intercity railway.

We selected 06:00 to 22:00 as the research period and divided it into 16 periods with
1 h as the duration. The passenger flow for each period is shown in Figure 4, and the total
passenger flow is 105,099. According to the passenger flow data and the existing train sched-
ule, a line pool with 78 lines in upstream and downstream directions is constructed, and
890 possible passenger paths are generated. Some alternative trains are shown in Table 2.
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Figure 4. The distribution of passenger flow.

Table 2. Set of possible lines.

ID List of Stops ID List of Stops

1 s17-s8-s6-s4-s1 40 s1-s6-s10-s11-s17

2 s17-s11-s1 41 s1-s8-s11-s14-s17

3 s17-s10-s8-s6-s4-s1 42 s1-s8-s12-s17

4 s17-s11-s1 43 s1-s8-s10-s12-s13-s17
5 s17-s11-s10-s8-s5-s1 44 s1-s4-s6-s8-s11-s17

6 s17-s12-s10-s6-s1 45 s1-s6-s8-s15-s17

7 s17-s12-s11-s10-s8-s1 46 s1-s6-s10-s11-s14-s17
8 s17-s13-s11-s8-s4-s1 47 s1-s8-s10-s12-s13-s14-s17
9 s17-s11-s6-s1 48 s1-s8-s11-s13-s17

10 s17-s12-s10-s8-s1 49 s1-s6-s8-s12-s17

11 s17-s12-s10-s8-s1 50 sl-s4-s17

12 s17-s11-s3-s1 51 sl-s6-s17

13 s17-s8-s7-s1 52 s1-s8-s17

39 s17-s11-s10-s8-s6-s5-s4-s1 78 sl-s6-s11-s17

The basic parameters of the model are set as follows: the passenger-kilometer fare rate
of the train is 0.73 RMB/km, the travel speed of the train is 200 km /h, the fixed organization
cost of one carriage is 2000 RMB/unit, the operation cost per unit mileage of one carriage
is 10 RMB/km, and the fixed number of passengers under one carriage is 118. The unit
time value of passengers is 36 RMB/h. The probability that passengers who are not served
choose to wait for the next travel period is 0.5. The line capacity is 10 trains/h. Since the
intercity railway trains generally use an 8-carriage EMU, the set of the possible number
of carriages of a line is set for K = {2,3,4,5,6,7,8}. The maximum number of reserved
carriages is 140. To ensure the quality of service, at least one train runs stop by stop in each
running direction and time period. The time that is required for technical operations such
as coupling, decoupling, and turnback is one hour.

5.2. Performance Analysis of Algorithm

In this section, we analyze the performance of the improved round heuristic and
Gurobi on different datasets. The proposed heuristic algorithm is coded in Python 3.6,
and the Gurobi version is 9.1.2. All numerical experiments were completed on a Windows
10 personal computer with Intel(R) Core (TM) i7-6700 CPU 3.40 and 16.0 GB of RAM. As
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shown in Table 3, we randomly generated five datasets with a different number of OD
pairs. What is more, we set the parameter “TimeLimit” of Gurobi to 30 min.

Table 3. Performance comparison of the improved round heuristic and Gurobi.

Gurobi The Improved Round Heuristic
Number of . -
OD Pairs Objective Function CO?.putatlonal Mip-Gap (%) Objective Function ComPutatlonal
ime (s) Time (s)
50 327,196.28 60.75 * 296,276.22 13.74
100 727,691.93 87.75 * 660,637.31 15.41
150 1,206,145.08 376.88 * 1,096,329.19 18.60
200 1,469,070.17 1800.00 0.02 1,336,637.90 20.77
250 - 1800.00 - 1,701,417.40 22.71

*: less than Gurobi default toleration (0.0001); -: no feasible solution was found in the given time.

As shown in Table 3, several tests indicate that the computation time of Gurobi
increases nonlinearly with the number of OD pairs. When there are more than 200 OD
pairs, the optimal solution cannot be found within a given time limit. Due to the mature
large-scale linear solution technology, the improved round heuristic algorithm can find
an acceptable solution in a relatively short time, and the worse gap with Gurobi is 9.45%.
With the increase of the OD pairs, the gap gradually decreases. Experiments show that our
improved algorithm is more suitable for solving real-scale cases.

5.3. Analysis of the Impact of the Number of Reserved Carriages on Train Operation

The transportation supply that is provided at each time period of a day should coincide
with the distribution of passenger, to meet the travel demand of passenger flow and improve
the transportation revenue. Since the fluctuating characteristics of passenger demand will
have a great impact on the number of operational trains at each time period and the
turnover of trains, the number of reserved carriages will affect the train line planning. In
order to analyze the influence of the number of reserved carriages on the train that are
running and rail line profit, we set the number of reserved carriages N = {60, 70,...140}
and the solution results are shown in Figure 5.
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Figure 5. The trend of the objective function and the proportion of passengers that are served.



Appl. Sci. 2022,12, 8965

12 0of 19

As can be seen from Figure 5, with the increase in the number of reserved carriages, the
rail line profit and the number of passengers that are served gradually increases, and the
waiting time cost of unserved passengers who choose to travel in the next period gradually
decreases. This is because when the carriage resources are increased, the impact of resource
constraints on the line planning scheme is weakened, and the railway department can
dispatch more trains, serve more passengers, and obtain more benefits. It should be noted
that the objective function has a significant change when the carriage resources increase
from 60 to 110. After that, the increase of carriage resources has little impact on the objective
function. This indicates that 60 carriages are not enough to meet the given demand, which
limits the railway company to provide a higher level of service. While 110 carriages are put
into service, 99.22% of the demand can be served. Therefore, the car resources have little
impact on the line planning scheme. Therefore, it is suggested that the railway company
should consider investing 110 carriages to obtain satisfactory line revenue.

Next, we take N = 110 as an example and analyze the relevant indicators of the
optimized line planning. The corresponding indicators of the all-day train line planning
scheme are shown in Table 4. It can be seen from Table 4 that the number of trains in the
downstream direction is more than that in the upstream direction, which is caused by the
asymmetry of demand. The average load factor of the train in the upstream direction is
70.03%, and that in the downstream direction is 72.20%, indicating that the passenger con-
gestion is low and the trip is comfortable. The detailed line planning scheme of peak hours
is shown in Figure 6, in the upstream direction from 18:00 to 21:00 and the downstream
direction from 7:00 to 10:00. It can be seen from Figure 6 that the service frequencies of the
station 54, S8, and S11 are more than those of other stations in the upstream direction, and
that of station S4, S6, and S8 are more than those of other stations in the downstream direc-
tion, which is also related to the asymmetry of passenger demand. Thus, the asymmetric
characteristics of fluctuating demand must be considered when preparing the multi-cycle
line planning scheme.

Table 4. Indicators of the line planning scheme.

Direction Total Revenue (RMB)  Frequency (Trains/Day) Fare Revenue (RMB)  Average Load Factor (%)
upstream 60 864,605.08 70.03
downstream 2,170,554.05 71 1,305,948.97 72.20
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Figure 6. The line planning scheme in the up and downstream direction during the peak hours.

Then, we analyze the transfer of carriage resources. Figure 7 shows the number of
remaining carriages in the upstream and downstream directions at each time period. It can
be clearly seen from Figure 7 that the changing trend of the number of remaining carriages
in the upward direction and the downward direction is opposite. We can find that the
maximum slopes of the two curves do not appear at the same time period because the
carriages can be reused only after coupling, decoupling, and cleaning. With the help of the
remaining carriage curves, we can determine when to replenish the carriages to guarantee
the carriages can be dispatched.
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Remaining carriages in the upstream direction
—s— Remaining carriages in the downstream direction

Figure 7. The number of remaining carriages in each period.

Then, the actual number of carriages that are put into operation at each time period and
the average train passenger load factor are shown in Figure 8. By analyzing the curves, it is
found that the number of operated carriages from 8:00 to 10:00 in the downstream direction
is more than in other time periods, and the number of operated carriages from 18:00 to
20:00 in the upstream direction is more than in other time periods, which is consistent
with the changing trend of passenger flow at that time period. According to the average
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passenger load factor curve of each time period, the average train load factor is maintained
between 65% and 82%, which effectively avoids the insufficient transportation capacity in
the peak time period and the excessive waste of transportation capacity in the non-peak
time period. In other words, the obtained optimization line planning can better adapt to
the passenger flow demand and provide a good service level.
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Figure 8. The number of operational carriages and average load factor at each time period.

5.4. Comparison of Flexible and Fixed Composition Mode

In this section, we set k as a constant, k = 8, to obtain a multi-period line planning
model under the fixed composition and compared it with our model to illustrate that
flexible composition is more suitable for fluctuating demand. Table 5 summarizes the
influence of the two composition modes on the relevant indicators of the train line planning
under the conditions of relatively tight (N = 60) and relatively sufficient (N = 140) reserved
carriage resources. It can be seen that under the same conditions of train carriage resources:
(i) the frequency under the flexible composition mode is about twice as much that under
the fixed composition mode, and the service capacity can be increased by more than 2%,
and the economic benefit can be increased by more than 1.9%; (ii) the number of trains
in the fixed composition mode is relatively small, and the choice of passengers is more
concentrated, so the average train passenger load ratio is slightly higher than that of the
flexible composition mode. This result confirms that the flexible composition mode can
help to improve the social and economic benefits simultaneously.

Table 5. Indicators of the line planning.

Number of
Reserved Carriages

N =60 N =140

Composition Mode

Fixed Composition

Flexible Composition

Fixed Composition

Flexible Composition

Mode Mode Mode Mode
Profit (RMB) 1,966,768.93 2,043,111.35 2,136,572.70 2,177,145.44
Frequency (trains/day) 51 100 59 113
The proportion of 89.87 91.88 97.13 99.35
passengers served (%)
Average load factor 75.46 72.58 72.88 72.64
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Figure 9 shows the comparison of the frequency and service capacity at each time
period under different composition modes when N = 60. We can see that:

(1) When the flexible composition mode is adopted, the frequency of each time period
is significantly higher than that of the fixed composition mode, and the passenger
service capacity, especially in the peak hours of passenger flow, is also significantly
higher than that of the fixed composition mode. The data show that the utilization
efficiency of carriages of the flexible composition mode is higher than that of the fixed
composition mode. The average transportation of each carriage under the flexible
composition mode is 1609.35 person-times/day, which is higher than 1574.15 person-
times/day under the fixed composition mode. The reason is that the number of
remaining carriages in the same period is more than that of the fixed composition
mode, and the number of carriages of the trains that are dispatched under the flexible
composition mode is not unique, while that under the fixed marshalling mode must
be 8. Thus, the utilization efficiency under the flexible composition mode is higher. For
example, during the time period from 18:00 to 19:00 in the upstream direction, when
the flexible composition mode is adopted, the number of remaining carriages is 21, so
three trains with seven carriages can be operated, while when the fixed composition
mode is adopted, the number of remaining carriages is 16, so only two trains with
eight carriages can be operated.

(2) Compared with the fixed composition mode, the train frequency under the flexible
marshalling mode is more susceptible to the fluctuation of passenger flow. This is
because the line capacity under flexible marshalling is more flexible.

It should be noted that the blue curve in Figure 9 is the hourly arrival passenger flow
curve, which represents the number of passengers who arrive at the station at each time
period and choose the intercity railway to travel. If the passengers in a certain period cannot
be fully served due to insufficient transport capacity, the unserved passengers will choose
to wait for the next time period with probability ¢. Therefore, the number of passengers
that are served in the next time period may be greater than the number of passengers that
are arriving in the current period, which usually occurs after the peak period of passenger
flow. Take the red rectangular box in Figure 9 as an example, when the flexible composition
mode is adopted, 1594 people are not served during the period from 20:00 to 21:00 due to
the capacity limit, of which 797 (e = 0.5) passengers choose to travel in the next time period.
The number of arriving passengers from 21:00 to 22:00 is 1918 (the blue line). Therefore, the
total number of passengers during the period from 21:00 to 22:00 should be 2715, while the
actual number of passengers which can be served is 2472 (the red line) due to the limited
transport capacity.
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Figure 9. The operational frequency and service capacity analysis in the upstream and downstream
direction when N = 60.

Figure 10 shows the comparison of the line running frequency and service passenger
flow at each time period under different composition modes when N = 140. Compared
with the condition that the carriage resources are relatively tight, the service capacity that
is provided by different composition modes at each time period is basically the same, but
the frequency of departure in the flexible composition mode is still higher than that in the
fixed composition mode.

Based on the above analysis, the flexible composition mode is more conducive to
adapting to the fluctuation of passenger flow, which can improve the matching degree of
the train running structure and passenger flow at each time period, improve the utilization
efficiency of carriage resources, and increase the social and economic benefits. Moreover,
the advantages of the flexible composition mode are more obvious under the condition of
tight carriage resources.
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Figure 10. The operational frequency and service capacity analysis in the upstream and downstream
direction when N = 140.

6. Conclusions and Further Research

In this paper, the train line planning problem of the intercity railway considering the
flexible composition mode and transfer of the resources is studied to meet the fluctuating
demand. Considering the influence of fluctuating demand on the train running structure
and the utilization efficiency of the train carriage resources, the optimization model of multi-
period train line planning is established with the maximization of train line benefit as the
optimization objective. Based on the constraints of the classical travel scheme, the resource
turnover constraints of the carriages are added, and the passenger waiting situation is
described in the form of the passenger service probability parameter, which ensures the
practical feasibility of the operational plan. The example shows that the optimized line
planning can improve the fitness of transportation supply and passenger flow demand to a
certain extent and improve the operation efficiency of railway and passenger service level.
The new approach proposes the consideration of multi-period line planning with flexible
compositions which can increase line profit and service more passengers, especially when
resources are limited.

The proposed method is more applicable to a single intercity railway, that is, there is
only one train route. For intercity lines or networks with more than two terminals, a more
generalized model framework needs to be developed. In practice, for real engineering
railway development studies, more factors, such as train types and passenger travel time,
should be considered; we plan to address these in the future. This also includes the
development of a new efficient heuristic algorithm for solving very large instances of the
model. After extending our work in these directions, the main limitations that still affect
the model will have been overcome.
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