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ABSTRACT Electrical Multiple Units (EMUs) need to undergo services like repairing, cleaning and wheel
turning according to a train shunting and service scheduling (SSS) plan at the high-speed railway depot.
Disturbances in the timetable at the station and overtime services affect the original SSS plan. Therefore,
frequent modifications to the original SSS plan and rescheduling of some EMUs are required to recover
the feasibility of the plan. This paper considers a rescheduling method for integrating train shunting, service
scheduling and routing at EMU depots with various layouts. In this paper, the movement process of EMUs at
depots is represented with the help of a two-layer time-space network. A heuristic algorithm for rescheduling
is designed. Case studies based on a real-world depot show that the heuristic can repair the original SSS plan
in 180 seconds while ensuring that the new SSS plan is as close as possible to the original SSS plan.

INDEX TERMS Maintenance, rescheduling, service scheduling, time-space network, train unit shunting.

I. INTRODUCTION

In railway operation management, Electrical Multiple
Units (EMUs) must undergo different maintenance services
depending on the distance and time of running to ensure
safety. Effectively organizing maintenance for EMUs can
enhance the stability and efficiency of railway operations.
The low-level maintenance or daily maintenance [1], happens
at an EMU depot (also called the shunting yard), which is
usually near a station. An EMU depot contains a storage yard,
a cleaning yard, a repair yard and may also have a suction
yard, a wheel turning yard, and so on. Each yard has one
or more parallel tracks to provide parking or services for
EMUs. Figure 1 shows a simplified topology of an EMU
depot in China. It consists of a storage yard, a cleaning yard,
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a repair yard and a wheel turning yard. The first-level daily
maintenance usually takes 1-2 hours, and the second-level
daily maintenance takes several hours, but usually not more
than 12 hours. This daily maintenance of EMUs happens at
the depot and includes several kinds of services such as repair,
cleaning, sewage suction and wheel turning. The service
scheduling problem at the depot determines the sequence, the
starting time and finishing time of all services [2]. As defined
by van den Broek et al. [2], the process of parking trains
at yards, together with several related processes, is called
shunting. The shunting planning problem at the depot deter-
mines the occupation sequence of the tracks and switches,
the starting and departure time of the occupation, and the
starting and the ending time of shunting routes. Since
the maintenance services of EMUs are performed on the
shunting tracks, the above two problems, service scheduling
and shunting planning, cannot be addressed separately. The
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FIGURE 1. A typical layout of an EMU depot in China.

integrated problem is called the train shunting and service
scheduling (SSS) problem. After the EMU arrives at the
station at the time specified in the timetable, it enters the
depot. The SSS plan of the depot is usually determined
based on a fixed train timetable. However, the timetable of
the station may encounter small disturbances, which then
affect the moments at which the EMU enters and leaves the
depot [3], [4]. Since the maintenance resources at the depot
are limited, a perturbed EMU may affect other EMUs, e.g.,
subsequent EMUs dwelling on the same track or requiring
the same maintenance. In addition, an EMU may encounter
significant malfunctions discovered during repair services
that necessitate an extension of the scheduled repair time,
thereby affecting the subsequent plans for the current EMU
and requiring a temporary increase in the pre-determined
standard service time duration. Such overtime service may
also lead to the infeasibility of the original SSS plan [3], [4].

At this moment, the SSS problem in China is still solved by
slow manual work [5]. It is necessary to develop an applicable
and fast method to assist dispatchers in rescheduling SSS
plans in case of disturbances. Our focus is on computer-aided
rescheduling of the SSS plan after disturbances at Chinese
high-speed railway depots. The input data includes the orig-
inal SSS plan (including the planning horizon, the arrival
and departure times of each EMU, the service tasks and
the required service time of each EMU, the operating cost
for each operation, the occupancy information of tracks and
switches), the layout of the depot and the function of each
track, the safety headway time, and information about dis-
turbances (including the EMU, the disturbance type, the
disturbance start time and end time). The output data includes
the new occupancy information of tracks and switches. The
objective is to find a feasible SSS plan in a short period
of time that is as close as possible to the original plan. For
real-time applications, the solution time should be limited to
180 seconds [6], [7].

The SSS problem is a special case of the Train Unit Shunt-
ing Problem (TUSP). Trains are composed of one or more
train units, and each train unit consists of several railcars.
The combination of train unit parking, routing and matching
at yards is called the Train Unit Shunting Problem (TUSP)
[2]. Parking is to assign trains to tracks at the right time,
routing is to let the train move to another place without
blockage, and matching is to assign several train units to
trains according to the required train composition and train
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unit order. Considering trains may have to accept services
like regular repair and cleaning at some stations and depots,
a more complex problem is combining the TUSP with service
scheduling, which is called TUSPwSS [2].

Our SSS problem is mostly related to the TUSPwSS.
In China, there are two types of trains in terms of length,
namely long train units with 16 railcars and short train units
with 8 railcars. A train unit can be operated as a single train
regardless of its length. Also, two short train units can be
coupled as a long train. Different from the typical TUSPwSS
problem studied in The Netherlands and other countries, the
SSS problem in China does not have to consider the train cou-
pling, decoupling and matching sub-problem [1], [5], because
the EMUs in China have fixed carriages. Therefore, the SSS
problem in China s a special case of the TUSPwSS. However,
solving the existing TUSP with or without service scheduling
or coupling and decoupling is still a challenging problem.

In the following literature review, the current research
status on the TUSP in Europe is presented first. Following
that, the existing studies on the SSS by Chinese scholars
are discussed. Subsequently, the research on rescheduling is
introduced, and a brief introduction of the objective func-
tion settings in the existing literature is provided. Finally,
an overview and summary of the existing work is also
included.

For the TUSP, Haahr et al. [8] develop a constraint pro-
gramming formulation, a column generation approach, and
a randomized greedy construction heuristic to solve the
train unit matching and parking problem at the shunting
yard. van den Broek [9] considers a complete version of
the TUSPwSS, including all sub-problems. The objective is
to minimize the weighted penalties of violated constraints,
such as route crossing and track capacity constraints, as well
as penalties for delays and shunting movements. van den
Broek et al. [2] improve their previous approach by allowing
simultaneous routing. Another recent approach is presented
by Kamenga [10], who undertakes a comprehensive approach
by jointly modelling and solving the TUSPwSS at both
the station and depot levels. He focuses more on match-
ing and parking. However, in large depots in China, there
are usually many more service tracks. Every night, 15 ~
30 trains require services that include cleaning and repair.
Therefore, the Chinese version of TUSP needs to focus
more on service scheduling and the corresponding parking
plan.
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TABLE 1. A literature review on TUSP and SSS.

. . . .. . Layout of Solution
Reference Parking Routing Matching Servicing Rescheduling Instances
depot approach
CP, MIP,
Haahr, et al. [8] N S Nld, Den General H
an den Broek
v N \ v N Nld General H
[9]
an den Broek, et
v N \ v N Nld General H
al. [2]
Kamenga [10] N V N N Fr General MIP
Specific,
Wang, et al. [5] N S v Chn p' ey ILP
typical
Xu and Dessouk Specific,
u uky N J NS Chn P e, LR
[1] typical
Specific,
He, etal. [11] \ \ \ Chn pe . H, PSO
typical
. Specific,
He, et al. [4] N \ Chn . AILS
typical
This paper \ \ \ v Chn General H

MIP: Mixed integer programming; H: Heuristic; CP: Constraint programming; ILP: Integer linear programming; LR: Lagrangian relaxation; RVNS: Reduced

variable neighbourhood search; GA: Genetic algorithm; PSO: Particle swarm optimization; AILS: Adaptive iterative local search.

For instances, N1d, Den, Fr and Chn stand for the Netherlands, Denmark, France and China, respectively.

*: Only considering the first-level maintenance that includes two service tasks, namely repair and cleaning.

**: All tracks in **! are last-in-first-out tracks. Repair tracks in **2 are last-in-first-out tracks, which helps to model the problem from the inbound-outbound

layers network. Repair tracks in **3 are last-in-first-out tracks. The layouts of depots in **? and **3 are longitudinal yard configurations.

Many Chinese researchers have also studied the SSS plan-
ning problem. Wang et al. [5] put forward an ILP model for
depots with parallel yards and solve it using the Gurobi solver.
He, et al. [11] solve the SSS problem using metaheuristics,
GA and PSO, respectively. He et al. [4] improve their pre-
vious work in He et al. [11] by considering the stochastic
uncertainties at depots, which mainly refer to the disturbances
of servicing/ arrival/departure times. They design an adaptive
iterative local search algorithm to solve the robust scheduling
problem. However, both He et al. [11] and He et al. [4]
suppose all tracks are identical and without the double-
position configuration, which simplifies the actual problem
and is inconsistent with the actual situation in China. Xu and
Dessouky [1] construct a two-layer time-space network cus-
tomized for first-level maintenance (only repair and clean
services). The differences between the network in Xu and
Dessouky [1] and our network will be detailed at the end of
Section III-A1.

In railway timetabling or platforming, there is much liter-
ature on rescheduling after disturbances. The survey paper
by Cacchiani et al. [12] is recommended. According to
Cacchiani et al. [12], disturbances are relatively small per-
turbations of the railway system that can be handled by just
modifying the timetable. There are several rescheduling mea-
sures, including re-time, re-order, re-track and re-route [13],
[14], which means modifying the arrival/departure times, the
arrival/departure orders, the platforming track and the route
inside or between stations. For the SSS problem, different

VOLUME 12, 2024

yards can be regarded as different stations in the timetabling
problem. In this paper, re-time, re-order and re-track mea-
sures will be used.

For the objective function of rescheduling for timetabling
or platforming, most of literature minimize the total deviation
between the scheduled and actual arrival/departure time, and
minimize the total deviation between the scheduled platform
tracks and actual platform tracks [15]. For the SSS problem,
there is no need to consider passengers. Moreover, the service
sequences are flexible, which means the sequences of occu-
pancy yards are also flexible in the SSS problem, not like the
fixed sequences of passing stations in the timetabling problem
[16]. Therefore, there is no need to minimize the total devia-
tion between the scheduled and actual arrival/departure time
at different yards in the SSS problem. Considering that the
initial SSS plan usually undergoes extensive calculations and
human adjustments with human or depot rules before being
finalized, the original SSS plan is regarded as a well-thought-
out plan. The plans for drivers and maintenance workers,
which are based on the original SSS plan, also require consid-
erable time to develop. Due to the computational time limit
for real-time rescheduling, a rescheduled plan that closely
aligns with the original SSS plan can reduce the randomness.
This would also reduce the impact on subsequent planning
for drivers and maintenance workers. For example, subse-
quent planning for drivers and maintenance workers may only
require minor adjustments to task durations, without the need
for extensive changes to the task locations. Therefore, in this
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paper, in order to avoid extensive modifications to the original
SSS plan, the tracks used in the original SSS plan should also
be used as much as possible.

To give an overview, several related papers are summarized
in Table 1. “,/” indicates the paper has considered that
aspect. The main conclusions from Table 1 are discussed
below. As shown in Table 1, although there is a lot of rele-
vant literature, the considered subproblems and assumptions
in different papers result in differences in the complexity
and applicability of the issues. Even though some papers
address similar depots and the comprehensiveness as this
paper, the focus here is on rescheduling the shunting and
service scheduling plan after disturbances, requiring a rapid
solution (in less than 180s). Other papers typically involve
planning from scratch, which is typically much more time-
consuming.

This paper makes the following contributions to the lit-
erature. First, to the best of our knowledge, our study is
the first to put forward a rescheduling method for the SSS
plan at high-speed railway depots on the microscopic level.
Compared with platforming problem rescheduling, the SSS
rescheduling problem at EMU depots needs to consider
multiple track occupations when moving between different
yards. Moreover, the length of EMUs and the configuration
of the track need to be considered. Second, a two-layer
time-space network is designed for the considered problem.
Routing conflicts can be avoided during rescheduling by
setting incompatible arc sets. Different from the two-layer
time-space network at Xu and Dessouky [1], where a spe-
cific type of layout was analysed, our time-space network
is suitable for most types of layouts of depots. In our time-
space network, the shunting level and dwelling level depict
the states of EMUs at the depot. The time duration of shunting
with movement direction changes (saw-moves) is also con-
sidered, which is neglected in most of the literature. Third,
we propose a heuristic to find the new schedule in a short time
for EMUs affected by disturbances. A solution framework
based on local search is designed. Compared with existing
methodologies on train rescheduling that all trains need to be
planned together, a pool of EMUs at the depot that need to
be rescheduled is established and updated after one iteration.
A tailored rule of building all possible sequences of the pool
is designed. The classic label-setting dynamic programming
algorithm is also modified and integrated into the heuristic.

The rest of this paper is organized as follows. In Section II,
a detailed description of the considered problem is provided.
In Section III, the heuristic solution method based on a two-
layer time-space network representation is described. A real-
world case study is conducted to confirm the effectiveness of
our solution method in Section IV. Conclusions and future
research are discussed in Section V.

Il. PROBLEM DESCRIPTION

The railway planning problem has three levels. Strategic-level
planning is long-term, typically covering several months to
years. The strategic level is for determining or evaluating
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the capacity of the depot. Tactical-level planning involves
mid-term or partial long-term decisions, typically covering
a time range from one week to several months. The tacti-
cal level is for making an SSS plan from scratch [1], [2].
Operational-level planning is short-term, typically covering
hours to days. This includes the daily train shunting and spe-
cific service arrangements to meet the daily operational needs
of the depot. Although this paper is on the operational level
to reschedule when small disturbances happen, a problem
description for the SSS planning without disturbances on the
tactical level is presented first, in Section II-A. Then, a prob-
lem description for the SSS rescheduling with disturbances
on the operational level is presented in Section II-B.

A. THE SSS PLANNING WITHOUT DISTURBANCES ON THE
TACTICAL LEVEL

In the SSS planning, during a planning horizon (4 h, 8 h
or 12h, usually at night), a number of EMUs are scheduled
to undergo different services with unfixed sequence and it
should be decided how these EMUs are moved around the
yards (and to and from the depot) to determine a feasible path
for each EMU and in order to minimize the total operating
cost. The assumptions of our study are as follows: (a) There
are enough shunting drivers and service workers available in
the depot, that is, the task assignment of drivers and service
workers is not considered in this paper and can be solved after
getting the TUSP or SSS plan [17], [18]. This assumption is
also proposed in most papers when solving TUSP and SSS;
(b) Once a service has started, it cannot be interrupted. This
is also known as the common assumption ‘‘no pre-emption”
in job shop scheduling. (c) If there exists shunting route(s)
linking two adjacent track/position nodes without changing
EMU’s direction, only one main shunting route will be con-
sidered [19], [20]. (d) To reduce the frequent occupancy of
service tracks, EMUs cannot enter service tracks without
undergoing service.

According to the two types of EMU length, the storage
track and the repair track usually have two positions, which
are indicated in Figure 1 above. Position I (I) is the position
closer to (further from) the depot entrance and exit. For
constructing the time-space network, the tracks and positions
were nodalised to the different nodes shown in Figure 2.
For example, the black cube “t1-2” indicates Position II of
Track S1. Each track with a double-position configuration
can accommodate two short EMUs simultaneously or one
long EMU. Compared with the normal train platforming
problem [21] or track allocation problem [22] where one track
can only be parked on by one train, the parking sub-problem
of depots is thus more difficult than at stations. Since the
cleaning track and transit track are mainly occupied by mov-
ing trains, there are no double positions on these tracks. The
cleaning tracks and the transit tracks are considered as track
nodes (red cubes in Figure 2). Moreover, in and out nodes are
set for train arrival and departure (orange cubes in Figure 2).
Finally, integrated track nodes (blue cubes in Figure 2) are
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added to represent the whole track with double positions
where long EMUs will park. All cubes marked in Figure 2
form the physical nodes of the EMU depot. The route shown
by the red arrow in Figure 2 is an example of the EMU
shunting process between the various service tracks at the
depot. The EMU enters the depot from iol, and then accepts
cleaning, repair, wheel turning, storage, and finally leaves the
depot from i02.

After connecting nodes with directional or bidirectional
arcs, the physical network without integrated track nodes in
Figure 3(a) for short EMUs and the physical network without
position nodes in Figure 3(b) for long EMUs are obtained.

When an EMU is going to be shunted to another parallel
track, such as from the repair track R1 to the wheel turning
track WT1 in Figure 1, it has to change its direction at transit
track 1. The reversal of direction is called a saw-move [9].
The saw-moves are also time-consuming and should only
be performed if necessary. For the tracks where saw-moves
are allowed (e.g., cleaning nodes, in/out nodes and nodes of
transit tracks), node i is replaced by two dummy saw-move
nodes, respectively, i-in and i-out, allowing us to distinguish
the direction of movement. The modified physical network
of each EMU can be modified based on the original physical
network and is shown in Figure 4. For instance, the complete
route of a saw-move of a long EMU from the repair tracks R1
(node t9-0) to the wheel turning track WT1 (node t11) is t9-0
—t8-out —t8-in —t11, as shown in red arrows in Figure 4.
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The train shunting process is closely related to service
scheduling. Like the Open Shop scheduling problem [2],
the service sequence is not fixed for one EMU and should
be decided depending on the states of other EMUs. This
paper considers the flexible sequence scheduling of multiple
sequences. When the number of services increases, the num-
ber of all possible operation processes will increase exponen-
tially, and the uncertainty and complexity of the problem will
be greatly increased. In addition, compared with the services,
the unnecessary storage operation will increase the drivers’
work, and add pressure on the bottlenecks of the depot and
affect the capacity utilization. Therefore, in the process of
daily service scheduling at the depot, it is necessary to reduce
unnecessary storage and the corresponding shunting oper-
ations, which will be considered by adding the cost into
operation time-space arcs. Moreover, extra dwelling on the
current track after completing service is usually not allowed
on cleaning tracks and wheel turning tracks, however, allowed
on repair tracks and some tracks of other types, e.g., sewage
suction tracks. This means that the total time at the repair
track may be longer than the standard service time, which
adds more complexity to the SSS problem.

The direction of arcs can be modified according to the
type of tracks, i.e., first-in-first-out tracks (FIFO), last-in-
first-out tracks (LIFO) and free tracks (both sides can be
the entrances and exits). As can be seen in Figure 1, the
tracks are of different type. The storage tracks and cleaning
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tracks are free-type. The repair tracks and wheel turning
tracks are LIFO. Considering the capacity and function of
the track, the shunting movement should let the train be
correctly serviced and not cause track/position conflicts or
switch conflicts. On the one hand, track/position conflicts
happen when the route of EMU is blocked on the track or
position occupied by other EMUs. For example, on the repair
track in Figure 1, the route of short EMU on t9-2 will be
blocked by the other short EMU on t9-1. On the other hand,
switch conflicts happen when two routes share the same
switch segment, which should be solved on the microscopic
level [1], [10]. Inspired by Zhang et al. [23], the route conflict
on the microscopic level on the switch areas is considered by
pre-processing before solving. That is, the conflict relation-
ship between routes is pre-calculated after constructing the
time-space network (which is discussed in Section III-A2)
and considered as input for the solution process.

A route needs to be carried out by a shunting operation.
After a shunting is finished, the driver needs to walk to the
next shunting task location. There is a limited number of
shunting drivers at the depot, although the number is assumed
to be sufficient in this study. Frequent shunting leads to an
elevated workload for the driver and increases the risk of
conflicts at bottlenecks. The method presented in Xu and
Dessouky [1] does not allow to minimize or limit the number
of shunting operations (i.e. shunt from track A to track B),
because one time-space arc in Xu and Dessouky [1] refers
to shunting from one track to one switch node or from one
switch node to another switch node. Our method considers the
fixed penalty cost of a shunting operation and aims to reduce
the number of shunting operations.

B. THE SSS RESCHEDULING WITH DISTURBANCES ON
THE OPERATIONAL LEVEL

Typical disturbances to EMU depot operations can be clas-
sified into two categories. The first category pertains to
disturbances influenced by the station timetable, involving
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changes in the arrival and departure times of EMUs when
they enter or exit the depot. The scheduling planners of the
depot are warned of these disturbances in advance.

The second category is the overtime service. Typically,
at the very moment severe malfunctions are detected, the
scheduling planners of depot are informed of the extended
repair duration.

When a disturbance occurs at a certain moment, the fol-
lowing points need to be noted:

1) Inorder to keep the plans of as many EMUs as possible
unchanged, the plans of the EMU in which the distur-
bance occurs and the EMUs that may be affected need
to be rescheduled. While the plans of the other EMUSs
remain unchanged. EMUs also need to be kept on the
original track as much as possible when rescheduling.

2) Atthe time the disturbance information is available, the
plans prior to the start moment of the disturbance have
already been executed, and the plan that is in progress
needs to be continued and completed. For example,
Figure 5 shows the Gantt chart of track occupancy for
repair track R2 with a disturbance. EMU-1 and EMU-8
are short EMUs, where EMU-1 occupies Position I and
EMU-8 occupies Position II. EMU-3 is a long EMU.
EMU-1 should originally leave the current track at the
moment 150, but at the moment 100, a severe mal-
function is detected. It will only leave at the moment
200. The repair track R2 is a LIFO track. EMU-8 must
wait for EMU-1 to leave R2 before it can leave. There-
fore, both EMU-8 and EMU-3 are affected by EMU-1
and need rescheduling. The ongoing repair services of
EMU-1 and EMU-8 need to be completed and then
rescheduling starts.

3) The order of rescheduling is of great importance.
A common rule referred as Rule I for specifying the
order of rescheduling for tracks with disturbance is
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FIGURE 5. The Gantt chart of track occupancy for repair track R2 with a
disturbance.

used in reality by dispatchers and also adopted in this
paper:

Rule I: The EMU that is directly disturbed are the first in
order, and then the other EMUSs that are indirectly disturbed at
the same track are rescheduled in the order of their occupancy
of the track.

For the example in Figure 5, the order of rescheduling is
EMU-1, EMU-8, EMU-3. If EMU-3 is rescheduled first and
then kept unchanged, EMU-1 and EMU-8 can not undergo
overtime service or overtime stay. It should be noted that the
EMUs parked on track R2 after EMU-3 are not classified into
the indirectly disturbed EMUs, because they are not definitely
disturbed if EMU-3 changed the repair track R2 to other
tracks when rescheduling.

llIl. SOLUTION METHOD

A. TIME-SPACE NETWORK FORMULATION

The time-space network or time-space-state network
approach has been widely used in recent years for the
optimization of the vehicle routing problem [24], [25] and
railway scheduling problems [23], [26]. In this section, time
is discretized for each physical node and a two-layer inte-
grated directed acyclic time-space network G = (V,A) is
constructed based on the state of the EMUs at the depot.
Section III-A1 first explains how to construct the time-
space network, and Section III-A2 illustrates how to map the
space-time networks of different EMUs to the same physical
resource, avoiding resource conflicts as well as route block-
ages. The objective function is presented in Section III-A3.

1) TIME-SPACE NETWORK

Inspired by Caprara et al. [27], each node i that can take
services and dwelling is transformed into nodes i' and i
with two different states, namely shunting state and dwelling
state. When parking is not allowed at node i, such as dummy
start and end nodes, in/out nodes, and nodes of transit tracks,
node i has only node i' of the shunting state. Let N! be
the set of shunting nodes, i' € N1 let N? be the set
of dwelling nodes, 2 € N2andlet N = N! UN? be
the set of all nodes that represent the “space” dimension
of the time-space network. When o denotes the dummy
origin vertex, and d denotes the dummy destination vertex,
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all vertices in the time-space network can be expressed as
Vv ={od}U{@. nl|i"eN,1=01..Tw=12}
with u, v as the indices. After the temporal discretization,
define the time instantset 7', T = {0, 1, ..., |T|} . The vertex
set V represents the set of time-space vertices (n, t), including
the space dimension n € N and the time dimension ¢t € T.
Let the space-time arc (n,t) — (m,t) (u — v for short)
denote the link of vertex (n,t) to vertex (m, t). Different
from Xu and Dessouky [1] who used a two-layer network
to distinguish the two directions of train movements at the
depot, the shunting layer in this paper has both directions
of movements using the arcs of bidirectional physical links.
After assigning a cost to the space-time arc u — v, the SSS
problem is then transformed into a multi-commodity network
flow problem. The process of EMU’s movements at the depot
can be viewed as a network flow path and the scheduling plan
can be achieved by calculating the minimum cost flow.

A summary of the notation used is given in Table 2.

In the two-layer time-space network of EMU e, there are
the following types of arcs:

a: STARTING ARC
For any i' e NI N Ne , there are one or more starting arcs
a=10— (i, a,) for an EMU to enter the network, c,; = 0.

b: ENDING ARC

For any i' € NN N¢, there are one or more ending arcs
a = (il, d,) — d for an EMU to depart from the network,
Cea = 0.

¢: SHUNTING ARC

For any i',j! € N N N¢, if there exists physical directional
links between node i' and node j', there are shunting arcs
a= (@' 1) = (G101 = t+tj,t > ae,t' <dp, Coq = M.
Traversing the shunting arc means to pass through a physical

link.

d: SERVICE ARC

Forany i' € NINN¢\N%©, i2eN2NN¢\N*©, there are service
arcsa = (L, 1) —> @&, ), ¢ =t + tj;r, t > ae.,t <d,,
Cea = Cppkly) + cfix. Traversing the service arc means to
finish a service. ¢/™ denotes the fixed penalty cost parameter
of a shunting operation. One shunting operation requires a
dedicated driver to operate in practice. Saving the shunting
operation helps to avoid too much driver work and relieve the
pressure on bottlenecks at the depot. One shunting operation
may contain multiple shunting arcs, and thus the fixed penalty
cost cannot be divided and added into the cost of a single
shunting arc. Therefore, the fixed penalty cost of shunting
operation before service is calculated into the cost of service
arcs.

e: STORAGE ARC
For any i' € N' NN NN 2 € N> N N¢ N N, there
are storage arcs a = (i',1) = (%, 1), a, <t < d,, Coq =
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TABLE 2. Definition of notations.

Set
E Set of EMU, e as the index
N Set of nodes, n, m, i, i? as the indices
Nt Set of shunting nodes, i* € N*
N? Set of dwelling nodes, i? € N?
N'ste Set of nodes for storage
NPos Set of position nodes
Nint-tra Qet of integrated track nodes
Nin Set of entrance nodes
Nout Set of exit nodes
Set of nodes of EMU e. For short EMU e, N¢ = N\
N© N"t-ta_ and for long EMU e, N¢ = N\NP°, according to
Figure 3.
T Set of time instant, t as the index
B Set of switches of the depot, including the dummy switches,
b as the index
P Set of service type, p as the index
pe Set of service type of EMU e, p as the index
%4 Set of time-space vertices, u, v as the indices
A Set of time-space arcs, u — v or a as the index
A° Set of arcs in the time-space network of EMU e
AL, Incompatible arc set for vertex (n, t), n € N2\Nnt-tra
A2, Incompatible arc set for vertex (n, t), n € N'\Nint-tra
4 Incompatible arc set for critical switch b at time instant ¢,
v beB
v, Incompatible node set for node n
0 Dummy origin vertex
d Dummy sink vertex
Parameter
a, Arrival time of EMU e
d, Departure time of EMU e
ti The time traversing through the physical arc i = j
ty The safety headway time
Cea Cost of arc a for EMU e
cShu Cost per unit time of shunting arc a for EMU e
cser Sost per unit time of service arcs of service type p for EMU
c S},"’e eCost per unit time of dwelling arcs of service type p for EMU
cdwesto Cost per unit time of dwelling arcs of storage for EMU e
cfix Fixed cost per shunting operation
top” Standard time of service type p for EMU e
Pn Service type of node n

Decision Variable

X5 =1 ifarc u — v is traversed by EMU e, =0 otherwise.

¢, Traversing the storage arc means to enter a storage track
and start storage. The fixed penalty cost of shunting before
storage is calculated into the cost of storage arcs.

f: DWELLING ARC
For any i € N?NN* and 2 is allowed for dwelling, there
are dwelling arcs a=@2,t) —> (2, t+1),a, <t < d, — 1.

If i2¢NSt°, Coa = CS[‘,”C,p = pp;if P2eNst ¢, = ngesto.
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Traversing the dwelling arc means to park at the current
location after finishing the service for service tracks and to
park at the storage track. Note that the cleaning nodes and
wheel turning nodes are not allowed for dwelling and do not
belong to any dwell arc.

g: STATE TRANSFER ARC

For any 2 € N2nNe it € N n Ne¢, there are state
transfer arcs a = (iz, ) —> (il, ), a, <t < do, Coqg =
0. Traversing the state transfer arc means to finish parking
and start shunting. Note that the shunting fixed penalty cost
can alternatively be added into the cost of state transfer arcs
instead of service arcs.

h: DUMMY ARC

For any il e NI ﬁNe,jl € N°"' N N¢, there are dummy arcs
a = {',a) > Q’l,d,). A train traversing the dummy arc
means the service task of this train cannot be performed due
to the capacity of the depot. The cost of cancelling services
for one EMU is high, so let ¢,y = ¢V x (d, —a,) +
ZpEPe (szr * tes;r 4 CfiX)'

The arcs set A in the time-space network of EMU e are the
concatenation of (1)(2)(3)(4)(5)(6)(7) and (8) above.

With the time-space network, the movement process of
each EMU can be described by the time-space path within
its network. Take the whole moving process of a long EMU
shown in red arrows in Figure 2 as an example. Figure 6 (a) is
the time-space path and Figure 6 (b) shows the projection of
the time-space path on the shunting layer. The EMU under-
goes a cleaning and repair service and then proceeds to the
WT1 for wheel turning through saw-move shunting, finally
parks at S4 and waits to depart from the depot.

Under the assumption that EMUs cannot enter service
tracks without undergoing services, when using a single-layer
space-time network, EMUs might occupy service tracks for
additional short-term shunting. If the two-layer time-space
network is merged into one-layer network, although the com-
plexity of the network can be reduced, there is no guarantee
that the EMU will be shunted first, and then perform service
or storage, and finally allow extra dwelling. The order of
traversing arcs is disrupted. To address this, the dwelling
arc is assigned after the service/storage arc, ensuring that
service/storage always precedes dwelling. The service arc
and the storage arc serve as a bridge between the two-layer
networks. Before performing the dwelling arc, the EMU must
go through the shunting arc — service arc/storage arc to reach
the dwelling layer, ensuring the order in which the EMUs
move. This is also the essence of the time-space network,
which is to embed complex constraints into the construction
of the network. Once the network is successfully constructed,
there is no need to add additional constraints on the sequence
constraints related to the movement of EMUs. It should be
noted that the starting and ending times of the service arc
do not imply the actual start and end times of the service.
In fact, the starting time of the service arc is the moment of
entering the track, and the ending time of the last dwelling
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FIGURE 6. The whole time-space path of a long EMU at the depot.

arc is the moment of leaving the track. Service workers can
start the service at an appropriate moment after the train
enters the track. Moreover, the number of shunting can be
regarded as the number of times it is moved from the shunting
layer to the dwelling layer. The fixed cost of each shunting is
added to the cost of the service arc/storage arc. If merging
to a one-layer network, the fixed cost of each shunting is not
suitable to be added to the cost of any arc.

Compared with the two-layer network in Xu and
Dessouky [1], our network has some advantages, referred to
as “Contribution (2)” in Section I. First, as they assumed,
there is no possibility of arranging storage operation(s)
between train repair and cleaning in their customized network
and model. In our network, the storage is allowed between
two consecutive services. For example, when the EMU has
finished repair and is ready to undertake cleaning, if the
cleaning resources are not available, then it can only wait
on the repair track. But the repair track is a relatively impor-
tant equipment, unnecessary occupancy causes a large waste
of resources. The actual practice is that after the EMU is
cleaned, the EMU will be driven to the storage track and
wait until the repair resources are available. Moreover, our
time-space network will allow EMU to have different service
tasks instead of being limited to two service tasks (daily
repair and cleaning), and our time-space network allows track
relocation, which makes it easier to get a feasible plan [2].

2) INCOMPATIBLE ARC SET FOR NODES AND SWITCHES
An arc pair is considered incompatible if both physical arcs
share the same micro-segment, also known as track circuits,
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when the headway time is not satisfied. The microscopic
track circuits are implicitly incorporated into the physical arc
(i, j). To restrict resource usage, incompatible time-space arc
sets are established for nodes and switches, referred to as
“Contribution (1) in Section I. The first step is to define
the incompatible node set for nodes and switches, see the
Appendix. Then, taking into account the headway and the
mapping relationship between position nodes and integrated
track nodes, the incompatible time-space arc set for vertices
and critical switches is defined in the Appendix. To prepare
the data, as done by Caprara et al. [21] and Zhang et al. [23]
the priori incompatible time-space arc sets must be enumer-
ated before solving.

3) OBIJECTIVE FUNCTION

Once the two-layer space-time networks for each EMU
are constructed, the original problem is transformed into a
minimum-cost multi-commodity network flow problem. The
objective function (1) is to minimize the total operating cost.
As mentioned before, the total operating cost includes service
cost of service arcs, the parking cost of dwelling at storage
tracks and service tracks, the route cost of shunting arcs, the
penalty cost for shunting and the penalty cost for cancelling
EMUs.

. e e
Min ZeeE Zu—) veEAC Cu—vFu—v (])

After disturbances, for ensuring that the tracks in the orig-
inal SSS plan being used as much as possible, the cost of
the service arcs should be adjusted to attract EMU parking
at the tracks in the original plan when rescheduling. Here,
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FIGURE 7. The framework of the whole approach.

if the track h is occupied in the original plan, the service arcs
u—v belong to the track h, then, the cost of the service arcs
ct,_,, is adjusted to 0.8 times its previous cost, which will be
discussed in Section I'V-C.

B. SOLUTION PROCEDURE

The framework of the whole approach is shown in Figure 7.
After inputting the original plan and disturbance(s) infor-
mation, the pool of EMUs that need to be rescheduled is
initialized. The initial pool includes all EMUs with delayed
arrival and departure times, and EMUs with overtime ser-
vices. Some EMUs that are definitely affected by the EMU
with overtime services are also added to the pool. The
sequences of the EMUs in the pool are varied to perform a
local search of the rescheduling of the EMUs in the pool.
Then, each sequence that obeys Rule I is tried. The plan
of EMUs in the pool is solved using a sequential approach
according to the sequence. Each solution can be regarded as
a Shunt-in/Shunt -out simulation [28]. The time-space arcs in
the incompatible arc set of the time-space nodes and critical
switches occupied by the EMUs not in the pool and preceding
rescheduled EMUs are not available for the following EMUs,
which are determined according to the Appendix. The plan
for each EMU can be rescheduled using the time-dependent
label setting algorithm in Section III-C.

The termination conditions are reaching the maximum
computational time limit or getting a feasible solution
after testing all generated sequences of one pool. After all
sequences of one pool are tested, if the termination conditions
are not reached, one EMU that shares the same tracks with the
EMU s in the pool is selected and then added to the pool and
all possible sequences that obey Rule I of the new pool should
be tested again. If the termination conditions are reached,
output the best plan.
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A limitation of this framework is that, particularly during
high-pressure situations of the depot, the proposed framework
may necessitate multiple iterations and consume additional
time to attain a feasible solution. In the worst-case scenario,
there is a possibility of some EMUs being cancelled, resulting
in an unfeasible solution. In such scenario, manual inter-
vention by a dispatcher becomes necessary for successful
rescheduling, such as substituting machine cleaning on clean
tracks for cancelled EMUs with manual cleaning on other
tracks.

C. MODIFIED LABEL SETTING ALGORITHM

The classical label setting algorithm is a kind of forward
dynamic programming algorithm to solve the shortest path
problem of an acyclic network without negative cost. For
each EMU e, a modified label setting algorithm is applied
to find the shortest path in the time-space network of EMU
e. Each time instant 7 is a stage for dynamic programming.
In order to limit each service to be performed only once,
information about the number of performed services needs
to be introduced as part of the label, which modifies the
classical label setting algorithm. Each vertex has multiple
labels [29], [30]. The information stored in each label is:
the vector of completed times of each service IT°P® =
[7!, 72, ...7xWPl] 2P = {0, 1,2} and the label cost c. P,
is the set of service tasks of EMU e. When searching the
shortest path for EMU e, let [1°P®* = [0, 0, ...0]. If EMU ¢
has traversed the service arc belonging to one of EMU e’s
service tasks, let the corresponding 7”7 = n” + 1. When
P = 2, the label is disqualified from continued exploration.
[1°P° is also used to allow flexible service sequences. For a
vertex with labels with different T1°P®, it is meaningless to
judge the two labels of a vertex with different I1°P°. When
valuing a new candidate label L"®V= [TIOPEReW NeW] for
vertex v, find the current label LUrent—= [T]OP¢ cCUrent] with
[1°P¢~MeW —= TT°P¢ from one of the current labels of vertex v.
If Ccurrent > cnew’ let Lrew replace Lcur’rent; if such a Lcurrent
does not exist, let L™W be one of the current labels of vertex v.
For each label of dummy sink vertex d at time instant d,, the
label with T1°P° = [1, 1..., 1]is the final label. Backtracking
the final label, the shortest path can be obtained.

For the EMU e with arrival or departure delay, the updated
arrival or departure time should be used. Its time-space path
starts from the startmg arc o — (i', @), and ends from the
ending arc (i',d,) — d, where @, and d, are the updated
arrival and departure tlmes.

For the EMU e with overtime service, after traversing the
service arc with a disturbance, it should then traverse the
dwell arc of the specified time until reaching the service
disturbance end time. Then, time-space shortest path search-
ing for rescheduling is performed. That is, the rescheduling
starts from the state transfer arc (i, ;) — (', @), d is
the end time of the overtime service disturbance. A complete
procedure of the modified label setting algorithm is shown in
Algorithm 1.
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Algorithm 1 Label Setting Algorithm

For each EMU e do
//nitialization

Input initial vertex (n, t)
For each time ¢ € [a, d,] do

Set ¢V (m t’) =c(n,t)+ Ceq.

If TIOPe~ "W (i, ") with 7P = 2,
| The new label L"®V is disqualified.

End;
End;
End;

Backtrace the time-space path for EMU e.

for each link (n, m) do searching through the arc a = (n, 1) — (m, t’), where t’ =t + tyn:
Set TIPSRV (3, /) = TIPS~ MW (. 1), then 7P = 7P + 1, if arc a is a service arc.

Create the new label L™V with TT°P*~"% (s, ¢') and c"*¥(m, t) of vertex (m, t').

If the current label L™ with [1°P¢ (m, ¢ ) = Jope—new (m, t' ), and ceurrent >, cnew,

Replace the existing label with the new label L™V,
Set the node precedence of L™Y of vertex (m, t'): = n.
Set the time precedence of L"™Y of vertex (m, t'): = ¢.

IV. CASE STUDY

In this section, an illustrative case and other computational
experiments based on the Jinan Depot in China are carried
out to test our two-stage approach. The heuristic algorithm
was implemented in C# and tested on a laptop with an
Intel 19-13900HX CPU and 40GB of memory. The datasets,
including the input original plan and output rescheduled
plan, algorithm codes in C#, and the Gantt chart visualiza-
tion tool in Python for the case can be downloaded from
https://data.mendeley.com/datasets/dscm8h6gdt/1.

The layout of Jinan Depot in China (36°39'59.4"N
116°52'46.3"”E on Google Maps) is shown in Figure 8. There
are 24 storage tracks (S1 ~ S24), 2 cleaning tracks (C1, C2),
3 wheel turning tracks (WT1 ~ WT3), 6 repair tracks (R1
~ R6) and 5 transit tracks (T1 ~ T5). All storage tracks and
repair tracks are with double positions. The repair tracks and
track T3 are of LIFO type, and other tracks are free-type
tracks. The time unit is set to 1 min. The length of the planning
horizon is 840 time units (14 hours, i.e., from 18:00 to 08:00
the next day). The standard time of repair, cleaning and wheel
turning for long EMUs (short EMUs) is 150, 20, 180 minutes
respectively (80, 15, 120 minutes respectively). For the cost
of the arcs, set ¢S = 10, Cep = 3 for short EMUs and
czzr = 6 for long EMUs, A* =100, cgl‘j"e = 3 for short
EMUs and ¢J¥¢ = 6 for long EMUs, ¢0¥*® = 2 for short
EMUs and cd%° = 4 for long EMUs. The safety headway
time for tracks and switches are set to 2 min. The maximum
computational time limit is set to 180 seconds [6], [7].

A. ILLUSTRATIVE CASE

During the planning horizon, 20 EMUs are scheduled: 12
EMUs with two services, 6 EMUs with 3 services, 2 EMUs
only need to carry out night storage. For the EMU length,
there are 4 long EMUs and 16 short EMUs. The Gantt chart
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TABLE 3. The information of the disturbances.

EMU Disturbance type  Starttime End time
7 Overtime repair 150 230
17 Arrival delay 170 170

of the original SSS plan is shown in Figure 9. A row in the
Gantt chart represents a track. The length of the rectangle
represents the occupation time of the track. The number in
the rectangle is the index of the EMU. Long EMUs are rep-
resented by thick rectangles, and short EMUSs are represented
by thin rectangles. The green arrow indicates that the EMU
has finished parking from the current track and left the depot.
The upper half of the row means occupying Position I, and
the lower half means occupying Position II.

The planner at the depot is informed of two disturbances
at time 150. The information of the disturbances is listed in
Table 3. EMU-7 should extend the end time of repair service
from time 199 to 230, which will affect the parking plan
of EMU-6 and EMU-2 on track R2, as shown in the black
ellipse in Figure 9. The arrival of EMU-17 is delayed from
time 155 to 170, which will trigger a conflict with EMU-9 on
cleaning track C1, as shown in the blue ellipse in Figure 9.
The start time of the planning horizon of the rescheduling
is the moment when the planner is informed of the distur-
bance information. Different disturbances may occur and end
at different times. The start time of the disturbance of the
overtime service is the time when the service worker reports
the overtime service demand, and the end time is the expected
end time of the overtime service. The start and end times of
arrival delay (or departure delay) are equal to the updated
arrival time (or delay time).
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FIGURE 9. The Gantt chart of the original SSS plan.

The heuristic algorithm takes 80 seconds to get a feasible
SSS plan after rescheduling. The Gantt chart of the SSS plan
after rescheduling is shown in Figure 10. EMU-7, EMU-
6, EMU-2 and EMU-17 are rescheduled. EMU-6 waits for
EMU-7 to finish the overtime repair and leaves track R2.
After finishing the wheel turning service of track WT1, EMU-
2 was originally planned to stay on track R2, but due to the
overtime service of EMU-7, it can only change the track
to R5. In the new plan, the operation sequence of EMU-17
is adjusted to avoid conflict with EMU-9. EMU-17 carries
out wheel turning first, then cleaning. Because the cost of
service arcs are adjusted to take into account the original
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plan’s tracks, only EMU-2’s repair service changes tracks,
while other services and storages do not change tracks, only
slightly changing the time period for which the tracks are
used. This makes the new SSS plan very close to the original
SSS plan. As mentioned in Section III-A3, the adjustment
parameter of the cost of service arcs is set to 0.8.

B. COMPUTATIONAL EXPERIMENTS

Considering the future passenger flow growth at the Jinan
Depot, we further evaluated the algorithm’s performance with
increased numbers of EMUs and varying ratios of long and
short EMUs. Table 4 summarizes the input statistics and
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TABLE 4. Computational results of Jinan depot with various EMU scales.
|Ep| Solution statistics
Inst. |E| |ELl |Esl  |Eql |D|
2 3 |Epoo| CT Obj.
J-1 20 12 6 4 16 2 2 4 80 52168
J2 20 12 6 8 12 2 2 4 56 55348
3 20 12 6 12 8 2 2 3 48 62756
J4 30 18 8 6 24 3 3 6 157 78643
J-5 30 18 8 10 20 3 3 5 105 82435
J6 30 18 8 14 16 3 3 4 85 87956

computational results of these instances. Instance J-1 is the
illustrative case above. Instances J-2 ~ J-6 are based on the
real-world case with 20 and 30 EMUs, respectively. The
Ep|” column with two sub-columns reports the number
of EMUs with 2 services and 3 services respectively. The
“|EL|” and ““|Es|” columns report the number of long EMUs
and short EMUs, respectively. The ““|E4|” column reports the
number of EMUSs with disturbances, and the “|D|” column
reports the number of types of disturbances. For the solution

113
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statistics, the ““|Epool | ”” column denotes the number of EMUSs
in the final pool of EMUs that need to be rescheduled. The
“CT” column specifies the computation time in CPU sec-
onds. The “Obj.”” column represents the best objective value.

The result shows that with an increase in the number of
EMUs with disturbances, the number of EMUs in the final
pool also increases. When the numbers of EMUs with dis-
turbances are the same, the instance with more long EMUs
has a smaller number of EMUs in the final pool and a shorter
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TABLE 5. Computational results of instance J-1 with various adjustment
parameters for the cost of service arcs.

Solution statistics

Inst. u

|Epooi] ~ #Obj.  Num.Change Track CT  FEA
J-1-1 0.2 4 52168 1 92 50%
J-1-2 05 4 52168 1 85 15%
J-1-3 0.8 4 52168 1 80 100%
J-1-4 1.0 4 52152 5 71 100%

computational time. This is because long EMUSs do not simul-
taneously occupy the track with other EMUs, and will have
less impact on other EMUs. Moreover, the scale of time-space
network of the long EMU is smaller. The computational
experiments indicate that the heuristic algorithm can generate
feasible rescheduling plans in less than 180 seconds, meeting
the real-time application requirements. It is referred to as
“Contribution (3)” in Section 1.

C. SENSITIVITY ANALYSIS

In this section, a sensitivity analysis of the adjustment param-
eter u for the cost of service arcs is performed. The case
J-1 is selected for this analysis, with the original value of
u = 0.8 being altered to 0.2, 0.5, and 1.0. The computa-
tional results of this analysis are presented in Table 5. Due
to different values of w, it becomes challenging to fairly
compare the objective values. Therefore, the objective values
are recalculated just for comparison based on the original
costs without any adjustment. These recalculated objective
values are then presented in the column labelled “#Obj.”.

The “Num.Change_Track™ column represents the number
of track occupancy changes in the new plan compared to the
original plan. The “FEA” column denotes the probability,
in the local search, that the attempted sequences of the EMUs
in the pool result in feasible solutions. In other words, it indi-
cates the ratio of the number of sequences generating feasible
solutions to the total number of attempts.

If set to 1.0, indicating no modifications in the original cost,
all rescheduled EMUs change their storage tracks compared
to the occupancies in the original plan. In total, 5 track
changes occurred, significantly changing the original plan.
Although the objective functions and the final plans are the
same when = 0.2, 0.5 and 0.8, there are some differences
in the calculation process. As u decreases, the “FEA” value
decreases, leading to an increase in computation time. This is
because, with a lower ©, EMUs tend to adhere more closely
to the original plan, making it challenging to find feasible
schedules. Considering the comprehensive sensitivity anal-
ysis, © = 0.8 appears to be an appropriate adjustment
parameter.
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V. CONCLUSION

In this paper, a heuristic method based on a two-layer time-
space network was developed to solve the SSS rescheduling
problem on the operational level. The resources occupied by
EMUs without disturbances can be easily described using the
time-space network and set to be unavailable when searching
time-space shortest paths for other EMUs. The incompatible
arc sets for nodes guarantee that there is no conflict on the
tracks with double-position. The incompatible arc set for
switches can avoid routing conflicts on the microscopic level.
The real-world case studies demonstrated the effectiveness
of the solution method. Computational experiments show
that the computational time satisfies the time requirement
of real-time scheduling. The new SSS plan is close to the
original SSS plan by adjusting the cost of service arcs with an
appropriate adjustment parameter based on the original SSS
plan.

Considering that the SSS problem is a special case of the
Open Shop Scheduling problem, the method proposed in this
paper could be extended and implemented to some Open
Shop Scheduling / Rescheduling problems.

Future research will focus on the following aspects. First,
crew scheduling (drivers and maintenance workers) at the
depot will be considered jointly with the SSS problem [3],
[31]. Second, the robustness and resilience of shunting or
routing plan is also meaningful to be considered to absorb
small disturbances [3], [32].

APPENDIX
A. INCOMPATIBLE NODE SET

W;» denotes the set of incompatible nodes of node " that
establish the mapping relationship between the position
nodes and the integrated track nodes of the same track.

If node " is a position node, W;w contains node i" as well
as the integrated track node of the same track, but does not
include another position node of the same track. For example,
W, o= {3—1',13—12,13 0", 13 — 0%} in Figure 2.

If node " is an integrated track node, W;» contains node
i as well as the two position nodes of the same track.
For example, W5 1 = {13 —1',13 - 12,13 -2! 13 -22,
13 —0', 13 — 0%} in Figure 2.

If node " is a track node and node i does not allow
saw-move, W;w contains node i' and node i2 (if node i has
the dwelling state). For example, ¥, ;1 = {tlll, tllz} in
Figure 2.

If node i is a track node and node i allows saw-
move, W;» contains node i2 (if node i has the dwelling
state) and all saw-node of node i. For example, ¥
(t7 —in', 17 — out!, 172}, W

1 =

t7—in
8—inl = {t8 — inl, 18 — outl}.
B. INCOMPATIBLE ARC SET FOR VERTICES
(1) headway constraint for the dwelling node i
N2Nnt=t2a gt the dwelling layer
If 2 € (N*\NS©)\N"—1" at time instant ¢, the incompat-
ible arc set of vertex (i, ¢) contains three sets of arcs, namely

2 ¢
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@ set of dwelling arcs

{(F 1) = (Pr+1) 17 € wp},
@ set of service arcs {(j'. 1) = (% 1) Ij'. /> € W,
n—th <t<ny,

® set of departure and arrival shunting arcs

(G0 = (@t 46, (@'t + 1l + 1 — 1) — (o1

b D' e vp, g' eN).

Considering the headway and the mapping relationship
between position nodes and integrated track nodes, if i> ¢
N®t, the incompatible arc set A}zt of service vertex (i2, 1) is
defined as follows. For service vertex (iz, 1), the total EMU
flow passing through the arc in the incompatible arc set A;zt
should be smaller than 1 to avoid conflict.

b ={(P 1) = (Pr+1) 1/ e v}
u {(jl,tl) - (jz,tz) LR eVan—th <t < tz}
LG D = @t 41, (@'t + 1B+ 1 —14)
= (Lt + D eWp. gt €N},

2 e (NPNSON\NMT p=0,1,..., T —th +1

If i> € (N? N NS©)\N'"=2 1o service will happen on the
physical storage node i. The incompatible arc set of storage
vertex (i2, t) is defined as follows and contains three sets of

arcs, namely

Al = {(f,t) = (jz, t+ 1) |2 e \I’iz}
o) - G e

o[~ @) f vt v

u{( bt l—rg) = (B 41) 1) e Wy,

q' e Nl} V2 € (N? N NSy Nint—tra,

t:QL“”T—$+L

Since Wp.j2¢n2y yin—ua contains the integrated track nodes,
the incompatible set of integrated track nodes is not necessary
to be indicated.

(2) headway constraint for the shunting node and
saw-move node N '\NM~1" at the shunting layer

Ifi e NI\NIN-t2 4 — ), " + 1, the incom-
patible arc set A?lt of vertex (i!, 7) contains sets of departure
and arrival shunting arcs, which is defined as follows.

ilt

= {(jl,tl) — (ql,tz
U {(ql,tl)—> (jl,tz) Ij' € Wi, q' eN,
Vie NINMU2 o 0 1, T —

)|j1 eVi,q' eN' gtsa}
t1—l‘£<t<t2}
tl.}}-l-l.

Similarly, for shunting vertex (ilt) , the total EMU flow
passing through the arc in the incompatible arc set A?,[ should
be smaller than 1 to avoid conflict on the shunting layer.
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C. INCOMPATIBLE ARC SET FOR CRITICAL SWITCHES
Each physical arc is associated with a set of switches it
passes through. Critical switches are defined as the common
switches with the maximum number of shunting arcs. The
method for determining whether a switch is a critical switch
is as follows: given a switch b1, the physical arcs containing
switch b are filtered, and if there are no other common
switches among the switch sets of these filtered physical arcs,
switch b is considered a critical switch, which means switch
b1 can be regarded as the representative of all the switches
that these filtered physical arcs contain. If there exists another
common switch by, then switch b is not considered a critical
switch if the number of physical arcs containing switch b; is
greater than the number of physical arcs containing switch by .

For each critical switch beB, the incompatible arc set A ;
is defined as follows: A, = {(il,jl, t1, t2) |b € PAg ),
- t}? <t <t } where b € PA(j indicates that the
physical arc (i, j) contains switch b. To restrict occupancy at
bottlenecks, the number of EMUs passing through the arcs in
the incompatible arc set Ay, ; cannot exceed 1 for each beB.
Parallel routes without common switches at a bottleneck area
are allowed to be executed simultaneously, since the parallel
route pair does not belong to the single incompatible arc set
Ay, of each critical switch b.
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