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Abstract : Rolling stock scheduling and crew scheduling are two fundamental problems that arise in
the planning of urban rail operations and that are especially important in the case of flexible opera-
tions in real-world networks. These problems are often solved separately and sequentially in different
planning stages, resulting in limited options to adjust crew schedules after rolling stock decisions have
been made. To better adjust these two decision-making processes and achieve better solutions, this
paper studies a joint rolling stock and crew scheduling problem in urban rail networks. A novel opti-
mization model is formulated with the aim of reducing the operational cost of rolling stock units and
crew members. In addition, the multi-train composition mode is considered to adequately match dif-
ferent frequency requirements and rolling stock transport capacities. To solve the model, a customized
branch-and-price-and-cut solution algorithm is proposed to find the optimal schedule schemes, in which
Benders decomposition is used to solve the linear programming relaxation of the path-based reformu-
lation. Two customized column generation methods with label correcting are embedded to solve the
master problem and pricing sub-problem for generating paths (columns) corresponding to rolling stock
units and crew groups, respectively. Finally, a branch-and-bound procedure with several acceleration
techniques is proposed to find integer solutions. To demonstrate the computational performance and
the robustness of the proposed approaches, a series of numerical experiments are performed in real-
world instances of the Beijing urban rail network under different settings. The computational results
confirm the high efficiency of the solution methodology and the benefits of the flexible operation
schemes based on the solutions found by the proposed methods.

Keywords: Urban rail network, rolling stock scheduling, crew scheduling, branch-and-price-and-cut,
Benders decomposition, column generation
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1 Introduction

Urban rail systems have several benefits over other urban transportation modes (e.g., bus, private
car) in terms of capacity, punctuality, and comfort. They have been developing rapidly in several
megacities (e.g., New York, Montréal, Hong Kong). In 2024, the total length of the Beijing urban
rail network has reached 880 kilometers, and has become the backbone of city commuting. In general,
the management of an urban rail network system involves a complex operational planning process,
illustrated in Fig. 1, which includes line planning, train scheduling, rolling stock circulation, and crew
scheduling (Heil et al., 2020).
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Figure 1: Operational planning process in urban rail network systems

Among the different components of the operational process, the train scheduling problem, which
specifies the train departure and arrival times at stations based on the line planning scheme, plays a
core role in urban rail networks. Then, with the train schedule as an input, the rolling stock circulation
and train unit shunting plans assign rolling stock units to trips by minimizing the total operational
costs. Generally, the rolling stock scheduling problem aims to simultaneously specify the train schedul-
ing process with the rolling stock circulation and train unit shunting processes. To adequately match
the different frequency requirements at different physical segments and time windows, the multiple-
train composition mode is often used in the process of train unit shunting. Under this mode, a long
composition with larger passenger capacity can be constructed by coupling multiple rolling stock units
(Zhou et al., 2022; Pan et al., 2023; Wang et al., 2024), which is beneficial to satisfy different frequencies
by covering trips based on passenger demand at different physical segments and peak/off-peak hours.
We note that the rolling stock scheduling process with the multi-train composition mode in urban rail
networks increases the operational complexity since different operational components need to be con-
sidered simultaneously (e.g., train scheduling, rolling stock circulation, and train coupling/decoupling).
After designing rolling stock circulation plans with appropriate train unit shunting schemes, the next
step is to schedule crew members. That is, each crew member is assigned a sequence of appropriate
trips within the defined time window.

According to Heil et al. (2020) and Péaprer et al. (2025), the above decision processes are generally
performed successively owing to their complex interdependencies. For example, the dispatchers need
to properly assign trips to individual crew members under the information of the given rolling stock
scheduling plan so that all trips can be covered by specific crew members with the satisfaction of labor
requirements. Thus, dispatchers have to give feedback repeatedly to re-plan the train schedule and
rolling stock circulation to eventually make these operation plans consistent.

Focusing on providing a system-optimal solution, this paper aims to investigate a joint rolling
stock and crew scheduling problem (JRCSP) with the multi-train composition in urban rail networks
to generate a consistent and optimal operation plan with respect to different operational components
(e.g., trips, trip connections, coupling/decoupling activities, pull-in/out operations, etc.). Then, the
goal of the JRCSP is to find a series of paths for rolling stock units and crew members, satisfying
all operational and labor requirements while minimizing the total cost of train routes, trips, trip
connections, and crew members.

The remainder of this paper is organized as follows. Section 2 introduces a review of the related
literature and summarizes the main contributions of this study. Section 3 provides a detailed problem
statement with some concepts and notation. In Section 4, a path-based model is introduced for the
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JRCSP. In Section 5, a customized BPC solution algorithm is designed to solve the proposed model,
and computational results are represented in Section 6. We finally conclude the paper in Section 7.

2 Literature review and paper contribution

Rolling stock and crew scheduling are two critical components in developing an urban rail operation
scheme, which have attracted tremendous attention from both academia and industry in recent decades
(see Lusby et al. (2011); Heil et al. (2020); Péprer et al. (2025); Correia Duarte et al. (2025) for detailed
reviews). In the following discussion, we focus on reviewing the state of the art in the field from three
angles: rolling stock scheduling, crew scheduling, and joint optimization of these two problems.

2.1 Rolling stock scheduling

The rolling stock scheduling problem aims to specify the train departure and arrival times at stations
together with the circulation of rolling stock units in an urban rail system. In some early literature,
to reduce the computational complexity, the train schedule is predetermined and given as an input to
assign trips and their connections to complete rolling stock circulations (Cacchiani et al., 2010b, 2013;
Lin and Kwan, 2016), with the aim of minimizing operational costs of the rolling stock units. With
the rapid development of urban rail systems, the topic of rolling stock scheduling has evolved in three
directions to further improve efficiency: passenger-oriented operations, multi-train composition, and
network-based operations.

First, compared to the traditional rolling stock scheduling problem, the passenger-demand-oriented
operation focuses on the operation schemes based on the effect of passenger demand distribution (Lobel,
1998; Cordeau et al., 2001b; Abbink et al., 2004). In this context, the train frequency is dependent on
the time-varying passenger volume at segments and stations (Kroon et al., 2014, 2015; Canca et al.,
2018; Amberg et al., 2019), and both the train operational cost and the passenger service level are
formulated as objective functions (Niu et al., 2015; Kidd et al., 2019). Second, in recent years, some
flexible operation schemes have been implemented for the scheduling of rolling stock units. For example,
rolling stock units can be allocated to each trip efficiently by using the multi-train composition mode
(Pan et al., 2023; Wang et al., 2024) and the short-turning strategy (Schettini et al., 2022; Yuan et al.,
2022), to better match passenger demand with non-equilibrium spatial and temporal distributions.
Regarding the solution algorithm, the column generation framework is usually used to solve the rolling
stock scheduling problems by specifying space-time paths for rolling stock units (Cacchiani et al., 2008,
2010a; Correia Duarte et al., 2025).

Third, by implementing network-based operations in urban rail networks, rolling stock units can
travel flexibly by using connection tracks among different physical urban rail lines. In the literature, the
network-based operation is mainly studied from two aspects: train timetable coordination to improve
passenger service levels, and rolling stock cross-line utilization to improve efficiency. In the first case,
the passenger service level can be largely improved with fewer alighting and waiting activities at transfer
stations after coordinating train schedules among different physical lines (Nguyen et al., 2001; Wong
et al., 2008; Yin et al., 2021). In the second case, there are a few publications considering rolling stock
operations in urban rail networks with multiple connected lines and depots, such as the integrated
timetabling and vehicle circulation scheduling with periodic and cyclic scenarios (Van Lieshout et al.,
2021), and macroscopic rolling stock assignment with appropriate depots (Van Lieshout, 2021). In
contrast, our study considers a more holistic view where the crew scheduling and the multi-train
composition are jointly planned with rolling stock decisions in urban rail networks.

2.2 Crew scheduling

The existing studies on the crew scheduling problem mainly focuses on assigning trips and meal /rest
tasks to crew members based on the rolling stock scheduling plan. Heil et al. (2020) give a detailed
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overview in the area of railway crew scheduling with models, methods, and applications. The crew
scheduling process often comprises two planning stages: short-term (e.g., one day or shorter) and long-
term (e.g., one week or longer). In the short-term problem, each crew member is assigned to several
appropriate trips for a relatively short period (e.g., one day). From the perspective of urban rail
operators, some practical operation rules are usually incorporated into the crew scheduling problem,
such as trip connections (Kroon and Fischetti, 2001), deadheading trips (Abbink et al., 2005), trip
numbers (Park and Ryu, 2006), disturbances/disruptions (Breugem et al., 2022b), uncertain passenger
demand (Réhlmann et al., 2021), planner preferences (Gattermann-Itschert et al., 2023), etc. Then,
some legal regulations are also restricted to ensure sustainable working hours for crew members, such
as the average working times (Kroon and Fischetti, 2001), time windows/durations of meal/rest breaks
(Han and Li, 2014), paid time per duty (Hoffmann et al., 2017), etc. Next, in the long-term crew (roster)
scheduling process, short-term crew schedules are combined weekly or monthly with the premise of the
long-term planned cycle time, work time, and rest time requirements for crew members (Cordeau et al.,
2001b; Caprara et al., 2007). Compared to the short-term crew scheduling problem, more individual
crew requirements are considered inevitably to achieve a sustainable mix of work and vacation days,
such as work/vacation time accounts (Huisman et al., 2005), fair work distributions among crew
members (Breugem et al., 2022a), etc.

Lastly, three major model formulations, including set covering (Kroon et al., 2009), set packing
(Borndorfer et al., 2017), and network flow models (Vaidyanathan, 2015), are usually developed for the
crew scheduling problems in the literature (i.e., >90% according to Heil et al. (2020)) with the objective
functions of the schedule efficiency (Heil et al., 2020), robustness (Lusby et al., 2018) and employee
satisfaction (Jitte et al., 2017; Breugem et al., 2022a). In addition, column generation methods can
be incorporated into the branch-and-price (B&P) modeling frameworks, then pricing sub-problems
are tackled by dynamic programming (Abbink et al., 2011), label setting (Desaulniers and Hickman,
2007), constraint programming (Han and Li, 2014), or genetic algorithms (Hoffmann et al., 2017), etc.

2.3 Joint rolling stock and crew scheduling

In general, the rolling stock schedule is mainly composed of space-time paths of rolling stock units,
while the crew schedule has more flexible and complex paths with trip connections and meal/rest
requirements for crew members (Heil et al., 2020). In the operation, due to the limitation of rolling
stock unit and crew member resources, some studies begin to explore the benefits of joint scheduling
optimization in conventional rail systems (Tatsuhiro et al., 2009; Dauzere-Péres et al., 2015; Bach et al.,
2016; Pan et al., 2021). At the same time, some joint optimization problems with similar modeling
framework structures have also been studied in other transportation modes, such as the integrated
simultaneous aircraft routing and crew scheduling problem in airlines (Cordeau et al., 2001b; Sandhu
and Klabjan, 2007; Ruther et al., 2017), berth allocation and pilotage planning in seaport vessel
services (Wu et al., 2022), vehicle routing and driver scheduling in road public transportation (Goel
and Irnich, 2017; Andrade-Michel et al., 2021), etc.

To highlight the contributions and differences of the present paper, Table 1 presents a detailed
comparison of notable studies related to joint rolling stock and crew scheduling or network-based
rolling stock operations, from the perspectives of problem features, model, solution method, and largest
instance solved. Our main contributions are the following:

e A unified path-based modeling framework is proposed to solve the JRCSP, which is amenable
to solution by Benders decomposition (BD) and column generation (CG). Compared with the
joint optimization of the rolling stock circulation and crew scheduling problem in urban rail lines
(Tatsuhiro et al., 2009; Dauzere-Péres et al., 2015; Bach et al., 2016; Pan et al., 2021), this study
extends more practical problem considerations of rolling stock schedule (i.e., joint train schedule
and rolling stock circulation), multi-train composition, and cross-line operations in urban rail
networks.
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Table 1: Characteristics comparison of some closely related studies

Publication Problem consideration Model Solution Largest instance scale
- method
Train Rolling Crew Network . '
schedule . stock schedule basec.i # of units # of trips
circulation operation
Tatsuhiro et al. (2009) No Re- Re- No NFM+SPM/SCM LS 185 786
Potthoff et al. (2010) No No Re- CL SCM+SPM  CG+LH 59 N/A
Veelenturf et al. (2012) Re- No Re- No GILP INE 46 835
Dauzeére-Péres et al. (2015)  No Yes Yes No GILP LR 29 416
Bach et al. (2016) Yes Yes Yes No SPM/SCM BP 30 228
Pan et al. (2021) No Yes Yes No NFM+SPM CcG 25 400
Van Lieshout (2021) Yes Yes No CL GILP CT+VI 140 N/A
Yin et al. (2021) Yes No No TC GILP ALNS N/A 58
This paper Yes Yes Yes CL NFM+SPM/SCM BPC 43 685

(1) Problem consideration: Train re-scheduling (Re-); Re-planning rolling stock circulation (Re-); Crew
re-scheduling (Re-); Train schedule coordination (TC); Cross-line rolling stock/crew operation (CL).

(2) Model: Network-flow model (NFM); Set packing model (SPM); Set covering model (SCM); General integer
linear programming model (GILP).

(3) Solution method: Local search (LS); Lagrangian heuristic (LH); Iterative neighborhood exploration (INE);
Lagrangian relaxation (LR); Branch-and-price (BP); Column generation (CG); Contraction technique (CT); Valid
inequality (VI); Adaptive Large Neighborhood Search (ALNS); Branch-and-price-and-cut (BPC).

(4) Largest instance scale: Number of rolling stock units (# of units); Number of trips (# of trips); Not available
(N/A), i.e., the specific numbers are not directly given in the study.

e An exact branch-and-price-and-cut (BPC) solution algorithm is developed to solve the JRCSP.
By applying Benders decomposition, the relaxed path-based model is first decomposed into a
master problem and pricing sub-problems, which are solved by a column generation procedure.
To generate crew variables through this process, the customized multi-stage label correcting (LC)
algorithm is designed to incorporate crew labor requirements of meal/rest tasks.

e The overall basic BPC approach is enhanced by several acceleration techniques, which are able to
obtain (near) optimal solutions with valid lower bounds in a shorter computing time compared
with the general-purpose solvers and the standard Benders decomposition (Veelenturf et al., 2012;
Dauzere-Péres et al., 2015). Specifically, we propose lower-bound-lifting (LBL) valid inequalities
and priority heuristic rules to better adapt rolling stock and crew operations, and adapt five
other techniques from vehicle routing literature.

e A series of computational experiments demonstrate that the proposed approach can obtain high
quality solutions to real-world instances with multiple physical lines throughout the day. Our
exact algorithm could efficiently handle comparable or even larger instance sizes than those that
were considered in other relevant JRCSP studies that employ exact algorithms (i.e., more than
20-30 rolling stock units and 200-500 trips in Dauzere-Péres et al. (2015); Bach et al. (2016); Pan
et al. (2021)). We analyze and present the value of the JRCSP with multi-train composition and
cross-line operations are further demonstrated as opposed to the traditional sequential scheduling,
single train composition, and single rail-line operations.

3 Problem statement

This paper considers an urban rail network with multiple bidirectional physical lines and multiple
depots, which pre-store a number of rolling stock units, as shown in Fig. 2(a). Specifically, we denote
by K, indexed by k, the set of rolling stock units. With the multi-train composition mode in the JRCSP,
we define two types of stations in the urban rail network: common stations, which only process trip
dwelling operations but cannot couple or decouple rolling stock units, and operating stations (including
terminal stations) which permit coupling or decoupling activities in addition to general trip dwelling
operations. Then, a physical segment is defined as the connection between two adjacent operating
stations. In practice, the train compositions and traveling times are usually kept constant on segments
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for rolling stock units, especially in urban rail network systems. Thus, we denote the sets of operating
stations and physical segments as Z and A, respectively, by omitting common stations along segments.
Lastly, the indices ¢ and a are used to denote operating stations and physical segments in the rail
network (i.e., i € Z,a € A), respectively.

To properly characterize the movements of rolling stock units among different physical segments
in the rail network and avoid some obviously inappropriate movements in the solution, a train route
is defined to represent the movement from origin depot to destination depot for specific rolling stock
units, as shown in Fig. 2(b). Specifically, for each rolling stock unit k € K, a set of train routes
Ly C L, indexed by [, is pre-determined, and only one train route [ can be chosen from set L for the
actual operation. In addition, the maintenance cost of assigning a rolling stock unit k to train route [
is denoted by c,1€7 ;- Then, one train route [ € L consists of a sequence of trips, indexed by r, which can
be defined as the movement of a rolling stock unit from one operating station to another on a physical
segment. We denote by R} the set of trips associated with train route I, and RT = J,c, R the set
of trips associated with all rolling stock units. Next, we note traveling time T'f* and the departure

. . . =R . .
time window T, = Z of trip r, where T, and T% denote the earliest and the latest feasible

\T; . TE]
departure times of trip » € R”. Lastly, the cost of a trip r starting at timestamp ¢ (denoted by cf’t)
refers to the fixed energy consumption cost on the corresponding segment.

We note that trip set RlT is related to the train route ! from set £, and the train route set Ly is
related to rolling stock unit & from set . As a consequence, the modification in one set will also change
the other related sets. Thus, compared with the well-known definition of “trip” in the rolling stock
scheduling field, one trip index cannot be shared by different rolling stock units. However, multiple
trips can overlap in the visualization (but with different trip indices) to represent the multi-train
composition.
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Figure 2: Urban rail network with associated train routes

For clarity, an illustration of the urban rail network is given in Fig. 2(a), which includes one depot
dy, four operating stations ¢1—i4, and five physical segments. Then, based on the urban rail network in
Fig. 2(a), four train routes are involved to represent the candidate passing operating station sequences
for rolling stock units, as shown in Fig. 2(b). Particularly, we identify train routes 3 and 4 as different
schemes with different movements. That is, train route 3 refers to one rolling stock unit starting from
depot dy, then passing operating stations i1y — iy — i3 — 4 — i3 — i3 — i1, and returning to depot
d; with one complete loop. Train route 4 refers to one rolling stock unit starting from depot d;, then
passing operating stations iy — io — i3 — 14 —> 13 —> I —> i1 — i9 — i3 — i4 —> i3 — i2 — 11, and
returning to depot d; with two complete loops.

Furthermore, a certain number of individual crew members (denoted by index ¢ and set C) are
available to start work at any operating station. Note that we consider the drivers as crew members
in the urban rail system. These crew members are divided into a set G of crew groups, indexed by g.
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Let C; C C be the set of crew members in crew group g. All crew members who belong to one crew
group g should perform their work within the same predetermined time window. In addition, each
crew member should be assigned with a series of tasks based on a certain set of requirements, such as
meal /rest activities, appropriate connection times, etc.

This study focuses on investigating a JRCSP with multi-train compositions in an urban rail network.
The input data consists of the physical structure of the involved rail network, the number of available
rolling stock units, and the number of crew groups, etc. The aim is to determine train route selections
for rolling stock units, departure times at the first stations for trips, and task sequences for in-service
crew members while minimizing both the operational cost for rolling stock units and in-service crew
members. Then, the departure/arrival times at common stations along the trips can be calculated
based on the departure time at the first stations of trips. Next, we introduce key concepts and
notation to formulate the problem in the following.

3.1 Rolling stock unit and crew member operational activities

To capture the spatial and temporal operational activities of rolling stock units and crew members in a
rail system, the considered time horizon from time ¢, to time |7 is discretized into a set of timestamps
T = Zp,, 1) with a predefined time granularity. Then, we use origin depot vertex (do:(k),to) and
destination depot vertex (dges(k),t7|) to indicate the source and sink for rolling stock unit k. For
modeling convenience, we next introduce the following three types of rolling stock operational activities.

Pull-in/out operation: The pull-in/pull-out operation represents the activity of entering/leaving
depots for rolling stock units, respectively. Specifically, for rolling stock unit k, one pull-out
operation can be defined with the activity of leaving depot d,;(k) and arriving at its connected
operating station i. The pull-in operation can be defined similarly.

Connection operation: Considering that the adjacent previous trip (denoted by o (r)) is determined
uniquely for trip r based on the associated train route, the connection operations occur between
a pair of consecutive trips (i.e., o(r),r) at the same operating station i with respect to the same
train routes and rolling stock units. Then, the unit-cost of a connection operation between trips
o(r) and r (denoted by Ci,a(r),r) refers to the fixed operational cost per min by rolling stock unit
k at the operating station.

Rolling stock path: A rolling stock path comprises a sequence of pull-out operations, trips, connec-
tion operations, and pull-in operations from the origin depot vertex (dor;(k), to) to the destination
depot vertex (dges(k),t7|) for rolling stock unit & during the considered planning horizon. For
clarity, we let P,ffl, indexed by p, denote the set of feasible paths for rolling stock & and train
route [. Then, let PR = Uleﬂk 7)15,1 be the set of feasible paths for rolling stock k, and let
PR = Upex P be the set of feasible paths for all rolling stock units. Then, based on the
rolling stock path representation, all departure and arrival times at stations (including oper-
ating and common stations) can be specified accurately for each rolling stock unit. For each
path p, let k(p) and I(p) denote the associated rolling stock unit and the train route, respec-
tively. Lastly, we denote the cost of path p by Cf with the summation of the train route

. . . . R __ 1 2 )
cost, trip traveling cost and connection cost, i.e., C’p = Ch(p)l(p) + ZreRﬁp) ZteTT Cri " Qprt +

ZTER?EP) ci(r)’r <Et€ﬁ t-apre— Zteﬁm t- ap’g(r)’t) In this expression, we define two binary
parameters ay, .4, Vp € PR r € RT,t € T and By.a4,Vp € PE,a € At € T, where . is equal
to 1 if and only if trip r is included in path p and starts at timestamp ¢, and 3, 4+ is equal to 1

if and only if path p passes through physical segment a from timestamp t.

Furthermore, the crew task should also be included in the operation to characterize the operational
activities of crew members. Let 7, be the set of available timestamps for crew members in crew group
g (U yeg T, =T), and let G, be the set of available crew groups at timestamp ¢. The operational cost
c‘g1 for assigning one crew member in crew group g is constant during the planning horizon with no
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relation to the specific number of assigned trips. Note that this is a common payroll regulation with
real-world urban rail company applications (e.g., daily wage for crew members based on the labour
law). Next, we formally introduce two activities with respect to the meal/rest task and crew task
sequence for crew members.

Meal/rest task: The meal tasks and rest tasks, indexed by r, which start within predetermined time
windows and last for a given time duration, should be assigned to any crew member ¢ who is
scheduled to work in service. Let R and RE be the sets of the required meal/rest tasks for
crew member ¢, and further define RM = Ueec RM and RE = Ueec RE. For each meal task
r € RM or rest task r € RE, we define 7, = ZQS,T?J as the available meal/rest task time

. —C . . . .
window, and 19 /T, as the feasible earlist/latest starting time of meal/rest task r.

Crew task sequence: A crew task sequence performed by a crew member can also be represented
by a path that records assigned trips, meal tasks, and rest tasks in the total planning horizon.
Then, considering that the available crew task sequences are exactly the same for crew members
in the same group with the same working time windows, we let ’P , indexed by p, denote the set
of feasible task sequences for crew group g. Then, let PC U 9eG ’P be the set of feasible task
sequences for all crew groups. Next, let g(p) denote the associated crew group for task sequence
p. Lastly, the cost of a crew task sequence p € ch is denoted by C'pc , which equals c;l.

For clarity, an illustration of the rolling stock schedule and Gantt diagram with respect to the
instance in Fig. 2 is given in Fig. 3, which includes five physical lines, four operating stations, and
one depot. Specifically, station i; is connected with depot dy, and operating stations is, 43,74 have
turn-around and connection tracks for coupling/decoupling activities, respectively. In this case, we
discretize a 40 min planning horizon into 21 timestamps based on a 2 min time granularity. Three
types of train routes (i.e., schemes 1-3 in Fig. 2(b)) are considered in this case with different train
physical routes and stop patterns. We use space-time paths to represent the involved operations for
four rolling stock units, where all rolling stock units k1—k4 are dispatched from depot d;. As shown in
Fig. 3(a), rolling stock units k1 and ks are assigned to train routes 1 and 2 of Fig. 2(b), respectively,
with different physical stations and segments to cover. In addition, rolling stock units k3 and k4 are
assigned to the same train route 3 with a coupled large composition from depot dy. Then, this long
train composition is decoupled into two separate rolling stock units k3 and k4, which execute trips r7
and rg, and then go back to depot d; respectively. Lastly, four crew members are scheduled to cover
these eight trips while time requirements for the meal/rest tasks are respected, as shown in Fig. 3(b).
Compared with the rolling stock units, when it is time to take the meal/rest, the crew members (i.e.,
drivers) would get off the current rolling stock unit, then take the meal/rest, and get on another rolling
stock unit after the meal/rest at the same operating station. For example, crew member 1 first takes
a meal task at timestamp 2, then is assigned to trip r3 associated with rolling stock unit k3. After
taking the rest from time 19 to 24, crew member 1 is assigned to trip rg associated with rolling stock
unit ko.

Legend: ------- » Pull-infout — > Trip Connection “/// Assigned trips for rolling stock units @D Meal task

i i Legend: 777~
operation operation Assigned trips for crew members &2.5 Rest task

Stoni /7@
Stat|0n|3 ; j Rolllngz s 1y 16
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(a) Rolling stock schedule (b) Gantt diagram for rolling stock units and crew members

Figure 3: Rolling stock schedule and Gantt diagram for the JRCSP instance
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3.2 Assumptions

Without loss of generality, we make five assumptions associated with the characteristics of the rolling
stock and crew scheduling operations.

Assumption 1. To make the problem tractable for the proposed BPC algorithm, in the data preparation
process, the dynamic passenger demand volume is treated and transformed into the number of required
trips (i.e., different frequency requirements) at the corresponding physical segments and time windows.
This allows a significant reduction in the number of decision variables related to passenger activities.
Assumption 2. The number of rolling stock units at depots is given as input data and rolling stock
units are required to start from and return to the same depot. This maintains the consistency of rolling
stock operation schemes over successive days.

Assumption 3. The coupling and decoupling operations are only permitted at operating stations,
i.e., transfer stations that connect with multiple physical lines and terminal stations that connect with
depots. In addition, the all-stop mode is taken into consideration in the involved problem (i.e., all trips
should dwell at all stations). In reality, this is a common operation strategy for real-world applications,
e.g., Hong Kong, Montréal, and Beijing urban rail systems.

Assumption 4. As a medium-term plan at the tactical level, the crew scheduling process focuses on
determining the number of required crew members to finish the trip tasks with the minimum cost
before employing and allocating the specific crew members. Thus, the number of crew members in
each group is not limited. However, the objective is to cover all selected trips by assigning the minimum
number of crew members as indicated in the objective function.

Assumption 5. The specific locations for starting the first and ending the last trips are flexible at any
operating station for all crew members. Then, in the modeling process, all crew members are allowed
to depart/end at a virtual source/sink that connects to all operating stations without deadheading
trips and pull-in/out operations.

4 Mathematical formulation

This section presents a path-based mathematical optimization model M1 for the JRSCP. We first
introduce the notation in Section 4.1. This is followed by the objective function and system constraints
in Section 4.2. Considering that the path-based model cannot be implemented with the general-purpose
solvers (e.g., CPLEX) directly due to the impractical enumeration of the full set of rolling stock paths
and crew task sequences, the equivalent primal model of the JRCSP is also formulated in the electronic
companion EC. A for reference.

4.1 Notations

For convenience, the notation used in this study (including the problem statement and the mathemat-
ical formulation) is summarized in Table 2. The following path-based binary decision variables are
used to model the problem: rolling stock path selection variable A, taking value 1 if rolling stock path
p is selected (otherwise A, = 0), and crew task sequence selection variable p, taking value 1 if crew
task sequence p is selected (otherwise u, = 0).

Table 2: Notations and parameters in the study

Notation Definition

Indices

k Index of rolling stock units
i Index of operating stations
a Index of physical segments
l Index of train routes

r,r! Index of trips

a(r), o1 (r) Index of the adjacent previous/next trip of trip =
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Table 2: Notations and parameters in the study

Notation Definition

t Index of timestamps

g Index of crew groups

p Index of rolling stock paths/crew task sequences

s Index of trip frequency requirement scenarios

Sets

K Set of rolling stock units

z Set of operating stations

A Set of physical segments

Ly Set of train routes for rolling stock unit &

L Set of train routes

RrRT Set of trips for train route [

RZT Set of trips

Tr Set of departure times at the first stations for trip r

g Set of crew groups

C Set of crew members

Cy Set of crew members belonging to crew group g

T Set of timestamps

Pl?lv 'P,?, PR Set of feasible paths for rolling stock unit k and train route ! / rolling stock unit k /
all rolling stock units

TY Set of available timestamps for crew members in group g

Gt Set of available crew groups at timestamp ¢

RM RE Set of meal/rest tasks for crew member ¢

RM RE Set of meal/rest tasks for crew members in crew group g

Pg%, ’PCg Set of feasible task sequences for crew group g / all crew groups

v Set of possible conflicting trip pairs

Sa Set of trip frequency requirement scenarios for physical segment a

Ts Set of involved timestamps for trip frequency requirement scenario s

Parameters

c}Cy ! Fixed cost for train route [ of rolling stock unit &

cg,t Traveling cost for trip r starting at timestamp ¢

o (1), Unit cost of a connection operation between trips o(r) and r

c‘; Fixed cost for arranging one crew member in crew group g

Iﬁ, Tf Earliest/latest feasible departure timestamps of trip =

I§7 T, Earliest/latest feasible start timestamps of meal/rest task r

Cﬁ, Cg Cost for rolling stock path / crew task sequence p

hf’"rr,‘ Minimum headway between the departure timestamps of trips r and 7’

N;ni“ Minimum number of trips with the associated time window of passenger frequency
requirement scenario s

N nax Maximum number of covering rolling stock units on segment a at one timestamp

TR Traveling time of trip r

Qp,rt Binary indicator, =1 if trip r is included in path p and starts at timestamp t; =0 otherwise

Bp,rt Binary indicator, =1 if rolling stock path p passes through physical segment a from
timestamp ¢; =0 otherwise

Yp,r Binary indicator, =1 if task r is covered by crew task sequence p; =0 otherwise

Decision variables

Ap
Hp

Binary variables, =1 if rolling stock path p is selected; =0 otherwise
Binary variables, =1 if crew task sequence p is selected; =0 otherwise

4.2 Objective function and system constraints

We formulate the general path-based objective functions and constraints based on the overall path
set PR = Upex PE = Uses, rex P,fl for rolling stock units and train routes, and the overall task
sequence set P¢ = beo ch for all crew groups. Specifically, we first formulate the ob