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Abstract

This paper introduces decomposition and distributed optimization approaches for the real-time railway
traffic management problem considering microscopic infrastructure characteristics, aiming at an improved
computational efficiency when tackling large-scale railway networks.

Based on the nature of the railway traffic management problem, we consider three decomposition meth-
ods, namely a geography-based (GEO) decomposition, a train-based (TRA) decomposition, and a time-
interval-based (TIN) decomposition, in order to partition the large railway traffic management optimization
problem into several subproblems. In particular, an integer linear programming (ILP) model is developed to
generate the optimal GEO solution, with the objectives of minimizing the number of interconnections among
regions and of balancing the size of regions. The decomposition creates couplings among the subproblems, in
terms of either capacity usage or transit time consistency; therefore the whole problem gets a non-separable
structure. To handle the couplings, we introduce three distributed optimization approaches, namely an
Alternating Direction Method of Multipliers (ADMM) algorithm, a priority-rule-based (PR) algorithm, and
a Cooperative Distributed Robust Safe But Knowledgeable (CDRSBK) algorithm, which operate iteratively.

We test all combinations of the three decomposition methods and the three distributed optimization
algorithms on a large-scale railway network in the South-East of the Netherlands, in terms of feasibility,
computational efficiency, and optimality. Overall the CDRSBK algorithm with the TRA decomposition per-
forms best, where high-quality (optimal or near-optimal) solutions can be found within 10 s of computation
time.

Keywords: Real-time traffic management, Decomposition, Distributed optimization, Large-scale railway
network

1. Introduction

Real-time traffic management is of great importance to recover train operations from disturbances that
occur in real time. In the presence of disturbances, where the pre-defined train timetables become infeasible,
train dispatchers are in charge of adjusting the infeasible train timetables by means of taking proper control
measures, e.g., re-timing, re-ordering, and re-routing, so as to recover from infeasibility and to reduce
negative consequences (e.g., delays). This problem is known as the real-time traffic management problem.
Due to its real-time nature, a solution is required in a very short computation time for resolving train
conflicts as quickly as possible, recovering delays and avoiding cancellations, for the benefit of all passengers.

In railway operations, the real-time traffic management problem is mostly tackled manually by train
dispatchers; so the results of their decisions are generally sub-optimal. Effective and efficient algorithms are
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desired to support the decision making of dispatchers, in order to implement intelligent traffic management
when disturbances occur. The real-time railway traffic management problem has been studied extensively.
In the literature, many optimization approaches are available for solving the problem to optimality (see
Cacchiani et al. 2014). These approaches consider either macroscopic or microscopic infrastructure details.
For small-scale instances, they mostly have excellent performance, where optimality can be achieved in a
short computation time. For large-scale instances, we can still solve the problem with the macroscopic
approaches, as the problem complexity is reduced by accepting a lower precision at the local level (e.g.,
stations and segments). The microscopic approaches generate solutions with high precision by including
all necessary details; however, it is difficult to solve large-scale instances, due to memory and computation
time limits. In general, the computation time for finding an optimal solution increases exponentially when
enlarging the scale of the problem instances, which limits their application in the practice.

Distributed optimization has gained a lot of attention to face the need of fast and efficient solutions
for problems arising in the context of large-scale networks, such as utility maximization problems (e.g.,
for electric power systems studied by Evangelopoulos et al. 2016, Molzahn et al. 2017). The main idea of
distributed optimization is solving the problems either serially or in parallel to jointly minimize a separable
objective function, usually subject to complicating constraints that force the subproblems to exchange
information during the optimization process (see Palomar & Chiang 2006, for more details). In the literature,
distributed optimization approaches have been widely studied in many fields, e.g., for controlling road traffic
(Findler & Stapp 1992), for managing air traffic (Wangermann & Stengel 1996), and for rescheduling railway
traffic (Kersbergen et al. 2016). Kersbergen et al. (2016) performed a geography-based decomposition and
proposed distributed model predictive control method to address the railway traffic management problem
for the Dutch national railway network with macroscopic infrastructure characteristics.

This paper extends those ideas for the much more complex case of microscopic characteristics of railway
infrastructure, with an improved computational efficiency. Our model considers a time-continuous approach,
where routes, orders, and departure and arrival times of the trains are optimized. We can write the problem
as a mixed-integer linear program (MILP), as detailed in Appendix A. For the sake of compactness, the
MILP problem is represented in a general form:

mgn Z\) =c' -\, (1a)

st. A-A<b (1b)
with variable A € R", matrix A € R™*" and vectors ¢ € R"™, b € R™. We consider disturbed traffic condi-
tions, i.e., relatively small perturbations, rather than disruptions resulting in blockages and cancellations.
This work focuses on proposing novel models and solution algorithms, to enable a very short computation
time for solving the mathematical problem (1), for large real-life cases where decision-making assistance is
needed the most. To this end, we introduce three decomposition methods, namely a geography-based (GEO)
decomposition, a train-based (TRA) decomposition, and a time-interval-based (TIN) decomposition, which
exploit different structures based on either geographic extent, time extent, or individual train services as
component of the different subproblems. No matter which decomposition method is used, couplings always
exist among subproblems, i.e., when two subproblems are representing the same situation, such as a train
crossing regions (GEO), time intervals (TIN), or due to the competitive use of infrastructure by trains (TRA).
These couplings lead to a non-separable structure of the whole optimization problem, which is solved by
one of three optimization approaches. An Alternating Direction Method of Multipliers (ADMM) algorithm
solves each problem through iterative coordination with the other subproblems. A priority-rule-based (PR)
algorithm is introduced to solve subproblems sequentially and iteratively in a priority order (according to
delays) with respect to the solutions of the other subproblems with a higher priority that have been solved
previously. Finally, a Cooperative Distributed Robust Safe But Knowledgeable (CDRSBK) algorithm defines
four types of couplings, considered either as constraints or to be variables in the iterative solution process.
We conduct experiments to determine how the different decomposition and algorithms perform in terms
of solution quality and computation efficiency, also compared to a centralized approach. A large-scale
railway network in the South-East of the Netherlands with more than 150 trains is our test case. The
best combination, i.e., the TRA decomposition and the CDRSBK algorithm, is able to find a high-quality
(optimal or near-optimal) solution within just 10 s of computation time.
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The remainder of this paper is organized as follows. Section 2 reviews the literature on the real-time
railway traffic management problem. Section 3 introduces three decomposition methods, where several sub-
problems with couplings are obtained. In Section 4, three distributed optimization approaches are developed
for handling the couplings among the resulting subproblems. Section 5 discusses the implementation of the
proposed decomposition and distributed optimization approaches. Section 6 evaluates the performance by
means of experiments on the large-scale Dutch railway network. Finally, the conclusions and suggestions for
future research are given in Section 7.

2. Literature review

This section gives an overview of the literature on real-time railway traffic management. We restrict the
focus on mathematical optimization problem formulations in Section 2.1 and on decomposition and solution
algorithms that have been developed for algorithmically solving the real-time railway traffic management
problem in Section 2.2. For more information, we refer to the review papers by Cacchiani et al. (2014),
Corman & Meng (2015), and Fang et al. (2015) and to the book by Hansen & Pachl (2014).

2.1. Centralized optimization models of real-time railway traffic management

Mathematical optimization can provide better use of capacity, improved efficiency, reduced infrastruc-
ture and operating costs, improved reliability, and more punctuality (Borndorfer et al. 2018). Several
approaches based on operations research techniques have been developed to formulate the railway network
topology (infrastructure), traffic situation, and traffic constraints, e.g., the alternative-graph based formula-
tion (D’Ariano et al. 2007), the time-continuous formulation (Mannino 2011), the time-indexed formulation
(Meng & Zhou 2014), and the event-activity based formulation (Schébel 2007).

D’Ariano et al. (2007) proposed an alternative-graph based model, which uses a combination of job shop
scheduling and alternative graph techniques. In the alternative graph, each node represents an operation,
i.e., the traveling of a train through a block section. An arc between two connected nodes represents
the passing of a train through two adjacent block sections. Conflicting requests of trains are modeled
by pairs of alternative arcs, where processing orders and headways of the conflicting train movements are
determined. The alternative-graph based formulation was extended to deal with multiple classes of running
traffic (Corman et al. 2011a); to determine solutions to the bi-objective problem of reducing delays while
maintaining as many passenger connections as possible (Corman et al. 2012a); to investigate the impact
of the levels of detail towards solution quality and computational efficiency (Kecman et al. 2013); and to
reschedule high-speed traffic based on a quasi-moving block system, optimizing also speed, braking, and
headway aspects (Xu et al. 2017).

Many studies employed the time-continuous formulation to build optimization models. In this formu-
lation, continuous variables are used for representing the times that trains arrive at or depart from the
visited block sections (or stations at a macroscopic level). Tornquist & Persson (2007) presented an MIP
model that takes into account retiming, reordering, and rerouting of trains with the goal of minimizing
the consequences of a single disturbance. Mannino (2011) proposed an MILP model for solving the traffic
management problem on single and double track railways. Boccia et al. (2013) presented an MILP model,
where train rerouting is described by using binary variables to indicate whether or not a route is assigned to
a train. An MILP model was developed by Pellegrini et al. (2014), modeling the infrastructure in terms of
electrical circuits to reliably detect the presence of trains on a particular track section. Luan et al. (2017a)
developed an MILP model to optimize train orders, routes, and departure and arrival times at passing sta-
tions, with additional constraints and the objective of ensuring delay equity among competing trains and
operators. Luan et al. (2018) considered a nonlinear programming problem and an MILP problem, with the
focus on including speed control into train rescheduling, requiring additional continuous and binary variables
to describe train speeds and their influence on train movements.

In the time-indexed formulation, the time horizon is discretized into small time periods, say 1 second, 10
seconds, or 1 minute. The time period size has a large influence on both solution accuracy and computational
efficiency: a larger time period size corresponds to a smaller mathematical model/problem and consequently
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faster computation, but the solution may be sub-optimal or even infeasible. The schedule of a train on a
block section (or at a station) is modeled by a set of binary variables, each associated to a feasible departure
or arrival time period, to be selected. Capacity constraints can be expressed by simple inequalities but
generally they require a larger number of variables and constraints, growing quickly with the time horizon
and the number of steps in the time period. The problem easily becomes intractable when solving real-time
and large-scale problems, i.e., we cannot directly solve time-indexed models for real-time and large-scale
problems. As an alternative, the time-indexed formulation is often transformed into a time-space network
based formulation, solved by using for instance shortest path algorithm, where decomposition is usually
applied, see e.g., Meng & Zhou (2014). Harrod (2011) proposed an integer programming description based
on the time-indexed formulation (hypergraph formulation), which can ensure the operational feasibility
of the generated train paths (i.e., the deadlock problem that may happen when considering macroscopic
infrastructure details, is addressed). Caimi et al. (2012) proposed a discrete-time control system to manage
traffic by retiming and rerouting of trains as well as partial speed profile coordination. Meng & Zhou (2014)
proposed an MILP problem extending the time-indexed formulation by cumulative flow binary variables,
where the benefits of simultaneous train rerouting and rescheduling were investigated. Their work was further
extended by Luan et al. (2017b), where an MILP description was developed with the aim of scheduling trains
and planning maintenance tasks at the same time.

The event-activity based formulation was proposed by Schébel (2007) to tackle the delay management
problem, which consists in deciding whether train connections should be maintained or be dropped with
the goal of minimizing the total passenger delay. An event-activity network is a graph where train arrival
and departure events are all described by nodes, and activities corresponding to waiting or running of trains
and transferring of passengers are described by arcs. A solution is obtained by assigning a time to each
event, such that the minimal duration needed for performing each activity is satisfied, for instance by an
integer programming approach. This event-activity based problem was further extended to address a discrete
time/cost trade-off problem of maintaining service quality and reducing passengers’ inconvenience (Ginkel
& Schobel 2007); and by including headways and capacity constraints (Schachtebeck & Schobel 2010).
Dollevoet et al. (2012) presented an event-activity based description to address the problem of rerouting
passengers in the delay management process. Besides the variables and constraints used in Schébel (2007),
additional binary variables and constraints are used to model passenger rerouting decisions. Zhan et al.
(2015) employed the event-activity network to reschedule the operations when a segment of a high-speed
railway was totally blocked without considering rerouting, aiming to minimize the number of canceled and
delayed trains. This stream of studies considers only macroscopic infrastructure characteristics; thus they are
able to handle relatively large-scale instances. However, with the inclusion of other aspects, e.g., passenger
rerouting, the model complexity increases, causing computation burden for large-scale instances.

2.2. Decomposition and solution algorithm of real-time railway traffic management

The approaches introduced in Section 2.1 are centralized optimizations. Their performance decreases
for large-scale instances, since computation time and memory requirements increase exponentially as the
system grows in size with more trains, tracks, and stations. Moreover, the NP-completeness of the railway
scheduling problem has been proved by Strotmann (2008), which implies that it is very unlikely to solve
the railway scheduling problem in polynomial time. Decomposition approaches have been proposed to avoid
this exponential increase, computing fast a solution of the real-time railway traffic management problem.

In many countries, the large national railway network is partitioned into several local dispatching areas,
and railway traffic is hierarchically organized into two decision levels. A lower level manages traffic flows
in each individual dispatching area without any knowledge about the traffic flows of other areas; an upper
level coordinates the traffic management over several dispatching areas with a global vision of the traffic
flows, focusing on the big picture, and taking decisions at the border between areas. Among the heuristic
approaches proposed in the literature (see e.g., D’Ariano et al. 2007, Schachtebeck & Schobel 2010, Pellegrini
et al. 2015, Sama et al. 2017, Van Thielen et al. 2018), some studies investigated decomposition methods or
considered the multi-area railway traffic management problem. A two-level approach for rescheduling trains
between multiple dispatching areas was proposed by Strotmann (2008). At a lower level, local solutions were
computed in each area by greedy heuristic scheduling procedures while, at a higher level, a coordinator was
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used to check whether neighboring areas have consistent solutions. The coordination procedure imposed
train ordering constraints at borders between areas with an iterative approach until a feasible schedule to
the global problem was found or the procedure failed in finding a globally feasible schedule. Corman et al.
(2010) proposed a distributed system to control trains running in a large-scale railway network divided into
dispatching areas. A coordination framework combined microscopic modeling of train movements at the local
level with an aggregate view of the situation at the global level. Corman et al. (2012b) studied the problem
of coordinating several dispatchers of different dispatching areas with the objective of driving their behavior
towards globally optimal solutions, considered as a bi-level optimization problem. New heuristic algorithms
were further presented by Corman et al. (2014) for both local dispatching and global coordination. Based
on the coordination procedure introduced by Corman et al. (2012b), a pre-processing phase was introduced
to increase the chances of reaching a globally feasible solution, by identifying precedences among trains that
must be kept in all feasible schedules. Kersbergen et al. (2016) partitioned the railway network into regions
and proposed a distributed model predictive control method to address the railway traffic management
problem for a large-scale railway network with macroscopic infrastructure characteristics.

Lamorgese & Mannino (2015) proposed a Benders’ decomposition to split the initial problem in two MILP
subproblems, i.e., a master and a slave, corresponding to a macroscopic and a microscopic representation
of the railway infrastructure, communicating through suitable feasibility cuts in the variables of the master
subproblem. The solutions of the master and slave subproblems were embedded into a heuristic iterative
mechanism by Lamorgese & Mannino (2015), and an exact approach was further developed by Lamorgese
et al. (2016) with performance improvement. Dollevoet et al. (2014) introduced an iterative optimization
approach to jointly solve a macroscopic delay management model derived from (Dollevoet et al. 2012)
and a microscopic train scheduling model derived from (D’Ariano et al. 2007). Both the macroscopic and
microscopic problems are formulated as MILP problems, and they are solved iteratively.

Brannlund et al. (1998) performed a decomposition of the train timetabling problem into individual
trains and used a Lagrangian relaxation method to coordinate the solutions of the resulting single-train
subproblems. A similar idea can be found in Meng & Zhou (2014), focusing on the traffic management
problem and with the inclusion of train rerouting, solved by a time-dependent shortest-path algorithm.

Rodriguez (2000) has shown that a temporal decomposition can be used to compute suitable solutions
in considerably less computation time compared to the global solution of the problem. D’Ariano & Pranzo
(2009) decomposed a long time horizon into tractable time intervals and used the ROMA dispatching system
to globally solve conflicts on each time interval, coordinating the speed of each train across time intervals. A
rolling-horizon solution approach was applied by Zhan et al. (2016) for the real-time rescheduling of trains
in case of a partial segment blockage. The uncertainty of disruption was handled by re-optimizing each time
new information regarding the disruption was available. Effectively this is a temporal decomposition of the
problem, focusing on only the events that occur in the current time horizon with a certain length.

To conclude, when focusing on the decomposition methods, we can classify them into four groups:
(1) Geography-based (GEQO) decomposition, where a large network is partitioned into several dispatching
regions, see e.g., D’Ariano & Pranzo (2009), Corman et al. (2010), and Kersbergen et al. (2016); (2) Train-
based (TRA) decomposition, where an initial large problem is split into several single-train subproblems, see
e.g., Brannlund et al. (1998) and Meng & Zhou (2014); (3) Time-interval-based (TIN) decomposition, where
a large problem is divided into several subproblems according to a given time-interval size (length of planning
horizon), see e.g., Rodriguez (2000), Zhan et al. (2016); (4) Macro-micro (MM) decomposition, where an
initial complex problem is decomposed into a master subproblem and a slave subproblem, corresponding
to macroscopic and microscopic infrastructure characteristics, see e.g., Lamorgese & Mannino (2015) and
Lamorgese et al. (2016). In fact, the MM decomposition is somehow similar to the GEO decomposition,
with different interpretations. Both of them manage traffic independently in either local areas or the slave
subproblems (station areas) and coordinate the areas/subproblems through a high level controller (a global
coordinator or a master subproblem). Table 1 summarizes some relevant studies of the decomposition and
solution algorithms for the real-time traffic management problem, in terms of problem description (i.e., the
level of infrastructure detail and control measure), decomposition method, solution algorithm (for solving
each subproblem), distributed solution algorithm (for coordinating subproblems), and the scale of test case.



Table 1.

Summary of decomposition and solution algorithms

Infrastruc-

Control

Decomposi-

Distributed

Publication ture detail measure tion method Solution algorithm solution algorithm Test case
Strotmann micro Rt. Ro GEO G, H (PR) f‘lcl)%;};:ilierz:tlionl Hypothetical examples with up to 16 trains and
(2008) ’ ’ l;rocedure 73 block sections
set coordination . .
Corman et al. micro Rt,Ro, Rr  GEO B&B, H (FCFS) constraint A nf)twprk }ncludlng more 'than 600 block
(2010) (iterative heuristic) sections, with up to 80 trains
Corman et al. . ) A network including more than 1200 block
(2012b) nicor Rt, Ro, Rr  GEO B&B B&D procedure sections, with up to 154 trains
Corman ot al B&B, H (JGH heuristic coordination A network consisting of more than 1000 block
(/2014') o micro Rt, Ro, Rr  GEO AGH, FCiTS eﬁtc ) exact coofdination ? sections, and up to 205 trains are scheduled in a
’ T 90-minute planning horizon
Kersbergen - , , The Dutch national railway network with 408
et al. (2016) macro Rt, Ro GEO MPC DMPC trains scheduled in a 75-minute planning horizon
Lamorgese & . Railway lines with up to 17 stations and with up
Mannino (2015 macro-micro  Rt, Ro, Rr -~ MM H (PR) RG to 54 trains scheduled
Lamoreese RG, CG (add cuts Railway lines with up to 34 stations, consisting
ot al é(jmi macro-micro Rt, Ro, Rr MM H (G), B&C violated by slave to of up to 53 block sections, and up to 130 trains
- master) are scheduled

A network comprising 46 stations (macroscopic)
Dollevoet et al. o . 7 - . and 554 block sections (microscopic), on which
(2014) macro-micro  Rt, Ro MM H, B&B Iterative procedure 310 trains are scheduled in & 240-minute

planning horizon
Brénnlund § A single-track railway network connecting 17
et al. (1998) macro B TRA sP LR, H (PR) stations, where up to 30 trains are scheduled
Meng & Zhou . A network composed of 97 block sections, with
(2014) micro Rt, Ro, Rr  TRA SP LR, H (PR) up to 40 trains

A . set coordination . s .

D’Ariano & micro Rt, Ro, Rr  TIN B&B, H (FCFS) constraint A t}etvaIk conmstlgg of 191 block sections, on
Pranzo (2009 ’ (iterative heuristic) which up to 40 trains are scheduled per hour

A Chinese high-speed railway line comprising 23
(Z;Balré )et al. macro i;clzﬁ;er’ TIN CS H (RH) stations divide it into 22 segments, around 180

Ancelng trains (services) are scheduled.
. . GEO, TRA, ADMM, H (PR), A network consisting of 968 block sections, and

This paper mmero Rt, Ro, Rr 4 TIN o8 and CDRSBK a case of 154 trains is tested

* Symbol descriptions for Table 1: Re-timing (Rt); Re-ordering (Ro); Re-routing (Rr); Heuristic (H); Greedy (G); Local search
(LS); Job greedy heuristic (JGH); Arc greedy heuristics (AGH); Branch and Bound (B&B); Branch and Cut (B&C); Model
predictive control (MPC); Distributed model predictive control (DMPC); Row generation (RG); Column generation (CG);
Shortest path algorithm (SP); Lagrangian relaxation (LR); Priority-rule (PR); Rolling horizon (RH); First-Come-First-Serve
(FCFS); Model Predictive Control (MPC); Commercial solver (CS); Alternating Direction Method of Multipliers (ADMM);
Cooperative Distributed Robust Safe But Knowledgeable (CDRSBK) algorithm.

2.3. Contributions of the paper

As reviewed in Sections 2.1 and 2.2, great efforts have been put on generating high-quality (optimal)
solutions, seeking for fast computation of a solution. For speeding up the computation, researchers have
either accepted low precision (i.e., focusing on macroscopic characteristics only or using a larger time period
size in the time-indexed formulation), developed fast solution approaches (for solving the centralized traffic
management problem), or performed decomposition and then developed distributed solution algorithms (for
addressing the coordination issue). Low precision may cause infeasibility issues when executing the obtained
solutions in practice. The fast solution approaches most often improve the computational efficiency for small
problems, but still have troubles for solving large-scale problems.

In this paper, we achieve global feasibility and high-quality (often optimal) solutions by (i) reducing the
problem scale (decomposition) to several small-scale subproblems that are easier to handle, and (ii) solving
them in a coordinated way (distributed optimization) by including key aspects of the different subproblems
while solving them individually, in an iterative manner. The main contributions are summarized as follows:

o We tackle the large-scale traffic management problem microscopically by means of decomposition and
distributed optimization, avoiding sacrificing solution quality when pursuing fast computation.

e Based on the nature of the traffic management problem, we exploit extensively three decomposition
methods (based on geography, trains, and time intervals respectively), which enable us to partition a
large-scale problem into several small-scale subproblems, reducing the overall computation burden.
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e Three distributed solution algorithms (distributed optimization) are presented, successfully communi-
cating among the subproblems, to solve them in a coordinated way.

e A thorough assessment of the centralized optimization and the proposed decomposition and distributed
optimization approaches for managing traffic on a large-scale railway network is presented.

e The overall excellent performance of the TRA decomposition with the use of the CDRSBK algorithm
is demonstrated, where high-quality (optimal or near-optimal) solutions can be found within 10 s of
computation time.

3. Problem decomposition

This section introduces three decomposition methods for splitting a large traffic management problem into
several small subproblems, i.e., the geography-based (GEO), the train-based (TRA), and the time-interval-
based (TIN) decomposition, described in Sections 3.1-3.3 respectively. Section 3.4 discusses the consequence
of the problem decomposition, i.e., subproblems and couplings (interactions). Fig. 1 conceptually illustrates
the three decomposition methods in a time-space graph, where black lines indicate train paths and red
dashed lines indicate how a problem is decomposed.

space

time

7

length

length

region_2

interval interval interval interval
length

length

—

(a) Train timetable (b) Geography-based (GEO) (c) Train-based (TRA) (d) Time-interval-based (TIN)

Figure 1. Illustration of the three decomposition methods in a time-space graph

3.1. Geography-based decomposition

The GEO decomposition partitions the whole railway network into a given number of regions, where
each region corresponds to one subproblem. Consider a railway network composed of an ordered set of block
sections E and a set of scheduled trains F' traversing this network. We could easily partition the whole
network into | E| units, by means of a geography-(i.e., block section)-based decomposition; however, this could
result in a large number of subproblems. In general, a larger number of subproblems implies more couplings
among them, which makes coordination difficult and which may affect the overall performance of the system:;
therefore, we cluster these elementary block sections into a pre-defined number |R| of regions, where R =
{1,2,...,|R]|} is the set of regions. Fig. 1(b) illustrates a 2-region example of the GEO decomposition; as
shown, the timetable is spatially partitioned.

To distribute |E| different units into |R| groups, there are |R|Fl ways, e.g., up to 22° ~ 10° ways
for distributing 20 different units into only 2 groups. Thus, given a pre-defined number of regions, a huge
number of the GEO decomposition results are available even for a small-scale network. To obtain the optimal
decomposition result, an integer linear programming (ILP) approach is developed, with the objective of
minimizing the number of couplings among regions (i.e., the total number of train service interconnections)
and balancing the region sizes (i.e., the absolute deviation between the number of block sections contained
in an individual region and the average value |E|/|R|).

We next describe the ILP model, using the following notations: The ordered set Ef contains the sequence
of block sections composing the route of train f, and |Ey| represents the number of block sections along the
route of train f. The binary vector 3; indicates whether two consecutive block sections along the route of
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train f belong to different regions, e.g., if (8¢); = 1, then the ™ and (5 + 1)th block sections in the ordered
set E; are assigned to different regions, otherwise, (87); = 0. The binary vector «, indicates the block
section assignment for region 7, e.g., if («,.); = 1, then the i*" block section in the ordered set E is assigned
to region r, otherwise, (o,); = 0. The route matrix By € ZUEsI=DXIEl indicates that train f traverses a
sequence of block sections, e.g., if train f traverses from the 15 block section to the 3'¢ block section in the
ordered set I, then By = [ 10 -1 0 .. ] The integer vector p € (Z+)IP! indicates the indices of
regions that the block sections e € F belong to. A subscript of a vector indicates a component of the vector.
For instance, the i*" component of vector y is denoted by (u);, indicating the region index to which the it

block section in the ordered set E belongs. We use || - |1 to denote the 1-norm.
The objective function is formulated as follows:
min ¢ - DBl )+ (=0 (> Harlllfﬁ ; (2a)
’ fEF r=1

where the weight ¢ € [0, 1] is used to balance the importance of the two objectives. The first term serves to
minimize the number of train service interconnections among regions, and the second term aims at balancing
the region sizes.
We consider four constraints, presented as follows:
By 1), |
|R|7—1§(Bf)j’ VfeFje{l, ... |Ef -1}, (2b)

guarantees that (8f); > 0 (i.e., (Bf); = 1, as (By); is binary), if the two consecutive block sections along

the route of train f are assigned to different regions, i.e., ‘(Bf ) ’ > 0. The constraint

J

(u“)l S {la EE) |R|}a Vi € {17 X3} ‘E|}7 (2C)
enforces that the indices of the resulting regions cannot exceed the pre-defined number of regions, while

(@) S 1= =t e {1 IR € {1 |E), (24)

and |ja |1 > 1, Vre{l, .. |R|}, (2e)

are used to avoid empty regions to which no block section is assigned. Specifically, in (2d), if the i** block
section in set FE is assigned to region r, i.e., u; = r, then the binary variable («,.); = 1; otherwise, (c.); = 0.
In (2e), we ensure that at least one block section is assigned to each region. As a result, (2d) and (2e)
imply that the number of the resulting regions must equal the given number |R|. For the sake of clarity, an
example is provided in Appendix B to illustrate the interpretation of the above mathematical formulation.
By applying the ILP approach (2), the block sections are assigned to |R| regions, with the minimum
number of couplings among regions and similar region scales, depending on the network layout and the
train routes planned in the original timetable. This implies that the optimal GEO decomposition result is
delay-independent, i.e., the GEO result is the same for all delay scenarios and can be computed off-line.
By applying the GEO decomposition, a train service may be cut off at the region border, and the legs of
the train service are then scheduled separately and locally by region controllers. As a matter of fact, global
feasibility requires that the entry and exit events of a train service at the region border must be consistent,
i.e., the time that a train departs from a region must equal the time that the train arrives at the consecutive
region. Therefore, for the GEO decomposition, the time transition constraint (16g) in Appendix A for
trains traversing the block sections at the border is the complicating (or coupling) constraint, which involves
variables of different regions (i.e., subproblems) and prevents solving all the subproblems independently.

3.2. Train-based decomposition

The TRA decomposition simply splits an |F'|-train problem into | F'| subproblems, where each subproblem
corresponds to a single-train problem, as illustrated in Fig. 1(c). For a given instance, the TRA decompo-
sition result is unique, only depending on the trains involved.

When applying the TRA decomposition, each train is scheduled independently in each subproblem. It
turns out that trains may use the same infrastructure at the same time, resulting in conflicts and hence
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global infeasibility. In this case, capacity constraint (as formulated in (161)-(16m) of Appendix A) for forcing
that each block section can only be occupied by one train at any time is the complicating constraint. A
train order variable (i.e., 0y ; ; in Appendix A) couples two trains/subproblems to indicate the sequence
of using a block section; however, it is not decisive (i.e., it is not a complicating variable), as the problem is
still non-separable by fixing the train order variables.

3.8. Time-interval-based decomposition

Based on a given length of the time interval, the TIN decomposition divides a long time horizon into
tractable intervals with an equal length, as illustrated in Fig. 1(d). We consider train delays when performing
the TIN decomposition. More specifically, each train is first scheduled independently by taking disturbances
into account, in order to generate an initial timetable where train conflicts may exist. With this infeasible
timetable, we estimate the times that all events (e.g., train departures and arrivals) may occur. Each event is
then assigned to one time interval based on its estimated occurrence time. As a result, the subproblem of each
time interval includes all events that are estimated to occur in this time interval. The TIN decomposition
result mainly depends on the given length of the time interval and the estimated train schedule, which can
be different in delay scenarios.

Each train service consists of a set of departure and arrival events for the train on block sections along its
route. When applying the TIN decomposition, these events may be assigned to different time intervals. Thus,
similar to the GEO decomposition (where trains may traverse from one region to another), the time that a
train leaves a time interval should be equal to the time that the train enters the consecutive time interval.
The time transition constraint (16g) is therefore the complicating constraint for the TIN decomposition.
Moreover, as the TIN decomposition is performed based on an estimated (possibly) infeasible timetable,
an event assigned to time interval ¢ may be further scheduled to the next time interval ¢ + 1, causing
conflicts with the events in time interval ¢ + 1. Therefore, the capacity constraint in (161)-(16m) is also the
complicating constraint for the TIN decomposition.

3.4. Subproblems and couplings

Let us denote S as the set of the |S| subproblems resulting from the decomposition, e.g., |S| = | R| for the
GEO decomposition and |S| = |F| for the TRA decomposition. No matter which decomposition method is
used, we can always divide the constraints of the MILP problem (1) into two categories, i.e., local constraints
and complicating constraints. As we have explained, a complicating constraint is associated with at least
two subproblems, so that it results in a non-separable structure of the overall optimization problem. A local
constraint is related to a single subproblem only. We thus rewrite (1b) into a general form of the following
local and complicating constraints:

Aloc Y < bloc (3&)

AP\ < pep! (3b)
with matrices A1°¢ € R™ > and A°P! € R™2*" and vectors b'°° € R™ and b°P' € R™2. For the GEO decom-
position, (3b) includes the time transition constraint (16g) for trains traversing the border block sections.
For the TRA decomposition, (3b) includes the capacity constraint (161)-(16m). The coupling constraint (3b)
of the TIN decomposition includes both (16g) and (161)-(16m). Let us denote @, = {qp71,qp72, ...,qpﬁmp}
as the set of m, subproblems that have couplings with subproblem p. The subproblem p € S of the MILP
problem with objective (1a) and constraints (3a)-(3b) is formulated as

Ir/{in Z,(A\p) = c; - Ap (4a)
P

st AR A < b (4b)

AT Ap A Ag SO, Vg € Qy (1)

where A;f’,} and A;f’; are selection matrices for selecting the coupling variables between subproblems p and g.
Since each coupling constraint in (4c) includes the variables A, and A, of two subproblems p and ¢, we
cannot explicitly add them to any individual subproblem. Instead we can determine and exchange values
of the complicating variables among subproblems in an iterative way. The train(s) of one subproblem p
can obtain an agreement through iterations that inform the train(s) of its coupled subproblems ¢ € @,
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about what subproblem p prefers the values of coupling variables to be. To achieve this agreement, for a
single subproblem p, we have to compute the optimal coupling variables (inputs) for its coupled subproblems
q € Qp as well, rather than only focusing on computing optimal local variables. Moreover, for its coupled
subproblems ¢ € Q,,, we need to compute both the optimal local variables and coupling variables (outputs).
Through exchanging these desired coupling variables, the values of these outputs and inputs should converge
to each other, and a set of local inputs that is overall feasible should be found. Distributed optimization
approaches are developed for reaching this agreement in Section 4.

4. Distributed Optimization Approaches

This section introduces three distributed optimization approaches to address the coupling issues among
subproblems, namely the Alternating Direction Method of Multipliers (ADMM) algorithm, the priority-
rule-based (PR) algorithm, and the Cooperative Distributed Robust Safe But Knowledgeable (CDRSBK)
algorithm, presented in Sections 4.1-4.3 respectively. Section 4.4 uses a simple example of the TRA decompo-
sition to explain the scheduling strategy of the three algorithms. A key challenge in distributed optimization
algorithms is to ensure that the solution generated for a single subproblem leads to feasible solutions that
satisfy the complicating constraints with other subproblems.

4.1. Alternating direction method of multipliers algorithm
The alternating direction method of multipliers (ADMM) algorithm (Boyd et al. 2011) solves problems
of the following form:
ming, ,, F(z1)+ G(22) (5a)
st. A-zi+B-z =0, (5b)
with variables z; € R™ and zo € R™, matrices A € RP*™ and B € RP*™, and vector b € RP. Assume that
the variables z; and z5 can be split into two parts, with the objective function separable across this splitting.
We can then form the augmented Lagrangian relaxation as
Lo(z1,20,y) = F(z1) +G(22) +y (A 21+ B 20 —b) + 5 - |A- 21 + B - 2, — b3, (6)
where y is the dual variable (Lagrangian multiplier), the parameter p > 0 indicates the penalty multiplier,
and ||-||, denotes the Euclidean norm. The augmented Lagrangian function is optimized by minimizing
over z; and 2y alternately or sequentially and then evaluating the resulting equality constraint residual. By
applying the dual ascent method, the ADMM algorithm consists of the following iterations:

zfﬂ = argmin,, L,(z1, Zé, yi)7 i
z§+1 = argmin,, Ep(ZiH, 22,9"), o
y =y (AT Bt ) .

where ¢ is the iteration counter. In the ADMM algorithm, the variables z; and 25 are updated in an
alternating or sequential fashion, which accounts for the term alternating direction.

The ADMM algorithm can obviously deal with linear equality constraints, but it can also handle linear
inequality constraints. The latter can be reduced to linear equality constraints by replacing constraints of
the form A-z < b by A-xz + s = b, adding the slack variable s to the set of optimization variables, and
setting Z(s) = 0, if s > 0, otherwise, setting Z(s) = co. Alternatively, we can also work with an equivalent
reformulation of problem (4), where we replace the complicating constraint (4c) by

Cp(/\p’ /\q) =0 (8>
by letting C,(Ap, Ag) = max {0, A;f’é “Ap + Agf’;, “Ag — b;f’;} with component-wise maximum. In such a way,
we can transform the inequality constraints into equality constraints.

Now we can apply the ADMM algorithm, and the augmented Lagrangian formulation of the MILP
problem (1) can be described as follows:

o= ZPGS {Zp(/\p) + ZqéQp [ypT,q ) CP(/\P’ )‘q) + g : Hcp(/\p, )\q)||SH 9)

The iterations to compute the solution of the MILP problem (1) based on the augmented Lagrangian
formulation (9) include quadratic terms; therefore, the function £, cannot directly be distributed over
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subproblems. Inspired by Negenborn et al. (2008), for handling this non-separable issue, the function £, in
(9) can be approximated by solving |S| separate problems of the form

HAlin Zp(Ap) + Z TIp(Aps Ags Up,q) (10)
v q€Qyp
subject to (4b) for the train movements of the single subproblem p, where the additional term J,(-) deals
with coupling variables.

We now define the term J,(-) by using a serial implementation. We apply a block coordinate descent
approach (Beltran Royoa & Heredia 2002, Negenborn et al. 2008). The approach minimizes the quadratic
term directly in a serial manner. One subproblem after another minimizes its local and coupling variables
while the variables of the other subproblems stay fixed. At iteration ¢, let us denote Qli) C @y as the set of
those subproblems that are coupled with subproblem p and have been solved before solving subproblem p.

The serial implementation uses the information from both the current iteration i and the previous

iteration ¢ — 1. With the information 5\q = )\((Ii) computed in the current iteration i for subproblems g € @;

and the information S\q = )\((f_l) obtained in the previous iteration i—1 for the other subproblems ¢q € Qp\@;,,
we can solve (10) for subproblem p by using the following function:
jp()‘w)‘qup,q) = y;;r,q 'Cp(/\pv/\q) + g : ||Cp(/\;v’/\q)||§ (11)

The second term of (11) penalizes the deviation from the coupling variables that were computed for the
subproblems solved before subproblem p in the current iteration ¢ and for the other subproblems during the
previous iteration ¢ — 1.

We can also adopt a parallel implementation for the ADMM algorithm. To do this, we only use the
information obtained in the previous iteration, i.e., we define \, = )\ff_l),Vq € Q, for (11) at iteration i.

The solution procedure of the ADMM algorithm is described as follows:

The solution procedure of the ADMM Algorithm
Initialization: Set the iteration counter i := 1, the penalty multiplier p :=p(®), the Lagrange multipliers
y(©) := 0, and the solution set Oy, := {\,|p € S} to be empty. Denote the maximum number of iterations
as I™@*_ The penalty multiplier p is updated as a function of the iteration index, denoted by o(-).

1: for iteration ¢ :=1,2,..., I™* do

2 Randomly generate the orders of subproblems, denoted as Po(ﬁc)ier. ————— [for serial: lines 3-6]- - - - -
3: for subproblem j :=1,2,...,|5| do
4

i)

rder

Solve subproblem p := PO( (j), consisting of objective function (10) and constraint (4b), by

taking the available solutions in Oy, for all ¢ € Q; into account.
5: Denote the obtained solution of subproblem p as /\;(,i)7 and update the latest solution set Oy, by
adding or setting A, := )\,(f).

6: endfor ------------------__-_-__ [for parallel: lines 7-8]- - - = - - = - === - - - o oo oo - -
7 Solve all subproblems p € S in parallel, consisting of objective function (10) and constraint (4b), by
taking the solutions in Oy for all ¢ € @; into account (which is obtained in the previous iteration).

8: Denote the newly obtained solution of each subproblem p € S as /\g), and update the solution set

Os01 by adding or setting A, == AL for all p € §. - - === oo oo oo
9: Update the Lagrange multipliers by yl(,% = yl(f;;l) +p- Cp(/\g), ,\fj)) for all p € S and ¢ € Q.
10: Update the penalty multiplier by p := p(¥), where p(*) is obtained by the predefined function of o(3).
11: Break the iterations if the deviation of the coupling variables at the current iteration step i is less
than the expected gap ¢, i.e., |C,]| < € for all p € S, where € is a small positive scalar and |[|-|| ., denotes

the infinity norm?.

12: end for
IThe infinity norm (also known as the maximum norm) of a vectorz = [ =1 ... @ ]T is denoted as ||z||, and is defined
as ||z, = max{|z1],..., |znl}.
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By applying the ADMM algorithm, we solve the subproblems p € S in an iterative manner, with respect
to the local constraint (4b) of a single subproblem p and taking the solutions of all coupled subproblems (i.e.,
the variable A, for ¢ € Q, obtained in either the current iteration or the previous iteration) into account. In
(9), only the local objective Z, for a single subproblem p is minimized, not the global objective Zpe s Zp-

In order to further improve the performance of the ADMM algorithm, we can add a cost-to-go function
Z;tg()\p) into the objective function of each subproblem, which provides an estimation of the train movement
to its destination. Then, the objective function (10) for subproblem p € S can be rewritten as follows:

miny, Z,(0) + Z5500) + 3 To(s Mgy Upa)- (12)

For instance, with the GEO decompositign, we can define the cost-to-go function as the deviation between
the actual and planned departure time from the block section where a train crosses a region border. Thus,
a timetable given detailed information about train departure/arrival times from/at block sections is needed.

The ADMM algorithm incorporates the complicating constraint (4c) into the objective function and
strives to make the information consistent among subproblems (i.e., each subproblem takes the information
of the other subproblems into account) in an iterative manner. However, convergence cannot be guaranteed
for non-convex optimization problems, so that a feasible solution may not be available. Therefore, we also
need to explore other distributed optimization approaches.

4.2. Priority-rule-based algorithm

This section introduces the priority-rule-based (PR) algorithm. The main idea of the PR algorithm is
to optimize train schedules of subproblems in a sequential manner according to problem priorities, with
respect to the solutions of the other subproblems that have already been solved in the current iteration. The
problem priorities are determined by the train delay times of the subproblems, e.g., we solve the subproblem
with the largest delay time first. The PR algorithm rewrites (4c) for the subproblem p € S as follows:

AL N, + AP X, <P Vg e Q, (13)

P.q
with the solution 5\q = /\E;) computed in the current iteration 7 for all subproblems g € @;
The solution procedure of the PR algorithm is described as follows:

The solution procedure of the PR Algorithm

Initialization: Set the iteration counter ¢ := 1, the local upper bound 08)1)3 := M, and the global upper

bound Og% := M, where M is a sufficiently large positive number. Initialize the problem priorities Péfi)or
arbitrarily. Denote the maximum number of iterations as I™2*.

1: for iteration i :=1,2,...,I™** do
Sort subproblems in set S in a descending order by problem priorities PV denoted as P")

2: iy order

3: Set the solution set Oy, to be empty. e ‘

4: for subproblem j :=1,2,...,|5| do

5: Solve subproblem p := Po(jzler (j), including objective function (4a) and constraints (4b) and (13),
with respect to the available solutions in G4, for all g € @;

6: Denote the obtained solution of subproblem p as /\§f), and update the solution set Oy, by adding
Ap 1= /\z(,i).

: end for

8: Compute the local upper bound 08%3, and update the global upper bound by

() | 08%3, ifi=1or 08;) > 08%3
Ouyp = 0 i—1) .
up s Ootherwise

9: Update the problem priorities pY by the train delay times of the subproblems.

prior

10: Break the iterations if the global upper bounds are not improved for a given number of iterations «,
ie., O} = 045
€, Yy = YuB -

11: end for

12



In the PR algorithm, we solve each subproblem p € S in a sequential manner according to the priorities
of the subproblems, with respect to the local constraint (4b) and the outputs A, of the coupled subproblems
q € Qp in (13). Similar to the ADMM algorithm, only the local objective Z, is minimized when solving
subproblem p, rather than the global objective Zpe g Zp for all subproblems. Constraint (13) ensures that
the coupling variables of subproblem p satisfy those of its coupled subproblems ¢ € @, obtained in the
current iteration. For the first solved subproblem in each iteration, the complicating constraint (13) is
relaxed, as @}7 =g, Vpes.

As the PR algorithm solves each subproblem with full respect to the solution outputs of the other
subproblems, the presence of the hard constraint (13) is most likely to cause infeasibility, especially for those
subproblems at the end of the queue in each iteration. This issue does not arise for the TRA decomposition,
where we assume an infinite planning horizon so that trains can always be feasibly scheduled at the cost of
large delays. We next introduce the third algorithm, where the feasibility issue is somehow addressed.

4.8. Cooperative distributed robust safe but knowledgeable algorithm

The third algorithm considered is called the Cooperative Distributed Robust Safe But Knowledgeable
(CDRSBK) algorithm. It was developed by Kuwata & How (2011) to address trajectory planning problems.
Inspired by Kuwata & How (2011), the CDRSBK algorithm introduced here is an extended and improved
version for coping with the railway traffic management problem. In the CDRSBK algorithm, four types of
couplings among subproblems are defined for a subproblem p € S, as illustrated in Fig. 2. Each circle in
Fig. 2 indicates a subproblem, which represents a region, a train, and a time interval for the GEO, TRA,
and TIN decomposition respectively.

’5 act
e @ 1<0\o
Figure 2. Four types of couplings defined in the CDRSBK algorithm

Type 1 indicates a non-active coupling between subproblem p € S and its neighboring subproblem;
Type 2 indicates an active coupling between subproblem p and its neighboring subproblem; Type 3 indi-
cates the coupling between the actively coupled neighbors of subproblem p and their neighbors; and Type 4
indicates the coupling between two actively coupled neighbors of subproblem p. Let us denote @, as the set
of all coupled neighbors of subproblem p and denote Qg“ as the set of subproblem p’s neighbors that have
an active coupling with subproblem p. The interpretation of active and non-active couplings can be different
for different decomposition methods. We discuss the details regarding their implementations in Section 5.1.

By applying the CDRSBK algorithm, the MILP problem (4a)-(4c) can be reformulated for subprob-
lemp € S as

min  Z,(Ap) + Z Zq(j‘q + T4 &) (14a)
A177 q ac
qGQZLt

st ARC N, < b (14b)

AP g+ Ty &) S U, Vae @y (14c)

Ay A+ AT A S B Vg€ Qp\Q (14d)

A;?; “Ap + A;% A+ Ty &) < b;?;, Vq € Q?)Ct (14e)
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APy Xo + AP (N + Ty - &) SUPy, Vo€ Q\Qp" g € Q5" (14f)

0,47 P
AZII),IqQ ' (/\lh + Tth : €Q1) + Agglql ' ()\QQ + qu : ng) < bgll),lqy (14g)
Vaqi,q2 € Q5% q2 € Qg 1 € Q,

In (14a), the objective function of both subproblem p and its actively coupled subproblems ¢ € Q;Ct are
included. Constraints (14b)-(14c) represent the local constraints of subproblem p and its actively coupled
subproblems ¢ € ngt respectively. In (14d)-(14g), coupling constraint (4c) is rewritten for the four types of
couplings respectively. When solving subproblem p, besides the local variable ), the variable £, is also opti-

mized for its actively coupled subproblems g € Qg“ based on the communicated solution 5\q as follows:
A=A+ Ty &, (15)

parameterized with a matrix 7;, which enforces that the variable £, can change only the rows corresponding

to the active complicating constraints. This can also be interpreted as allowing a change for the constraint

that has a non-zero Lagrange multiplier. In (14a), the objectives of a single subproblem p and its actively

coupled neighbors q € Qg“ are both minimized, so that we can explore solutions with a global vision. More-

over, allowing the variable changes of actively coupled subproblems greatly resolve the issue of infeasibility.

The solution procedure of the CDRSBK algorithm is described as follows:

The solution procedure of the CDRSBK Algorithm

Initialization: Set the iteration counter ¢ := 1, the local upper bound 08])3 := M, and the global upper

bound O[(Jl]% := M, and the solution set Oy := {\,|p € S} to be empty. Denote the maximum number of
iterations as I™®*.
1: for iteration i :=1,2,...,I™** do
Randomly generate the orders of subproblems, denoted as Po(;;Zier'
for subproblem j :=1,2,...,|5| do

Solve subproblem p := pY (j) and its actively coupled subproblems ¢ € Q2. consisting of

order p

objective function (14a) and constraints (14b)-(14g), by taking the available solutions in set O, for all
1€ (Qp\Q3") U (Q,\Q2") into account.

5: Denote the obtained solutions of subproblem p and its actively coupled subproblems g € Q;Ct as

)\I(,i) and )\((;) (which is obtained by (15)) respectively, and update the latest solution set Oy, by adding
or setting A, == )\I(f) and )\, == )\((;) for all ¢ € Q5"

6: end for
Compute the local upper bound 08%3, and update the global upper bound by
081)3 _ { 0%23_,1) if i = 1 or Oggl) > OS)B
Oyp ’; otherwise
8: Break the iterations if the global upper bounds are not improved for a given number of iterations x,
ie., OUL =0l
9: end for

In each iteration, the CDRSBK algorithm solves each subproblem with additional objectives and compli-
cating constraints that include the changeable (local) variables of its actively coupled subproblems ¢ € QZ“.
If the variables of its actively coupled subproblems are unchangeable, i.e., \; = 5\q when &; has no impact
on the variables, the complicating constraints are automatically satisfied and could be omitted.

4.4. Algorithm strategy

Let us consider a simple example of the TRA decomposition to understand the scheduling strategies of
the three algorithms, presented in the time-space graphs of Fig. 3. As shown in Fig. 3(a), there are 4 trains
scheduled independently, and a conflict appears between train 1 and train 2. We assume that the train
paths in black are fixed, and the focus is on scheduling train 2.
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space
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Figure 3. Algorithm strategy: an example of the TRA decomposition on time-space graph

When a conflict is detected, the ADMM algorithm resolves the conflict by penalizing it in the objective
with the Lagrangian and penalty multipliers. As long as the conflict exists, the corresponding Lagrangian
multiplier increases continuously, causing the increase of the penalty value (for the corresponding conflict).
When the penalty of the conflict is large enough, an alternative solution (better, with a smaller penalty
value) will be found; thus, the conflict can be resolved. However, resolving one conflict may lead to some
other conflicts, see Fig. 3(b), where train 2 is rescheduled to avoid the conflict with train 1, influenced
by the large penalty of the conflict; however, train 2 may still conflict with the other two trains. Some
iterations and updates of multipliers will be needed to resolve all conflicts and to generate a conflict-free
timetable.

The PR algorithm searches for each delayed train the earliest arrival possibility at stations, based on
the infrastructure use of some other trains. Therefore, as shown in Fig. 3(c), train_ 2 is rescheduled to the
end of the timetable, subject to the other three fixed train paths. As such, the feasibility of the system
is guaranteed, but trains with lower priorities (in the trail of the queue) may undertake large delays, e.g.,
train_ 2 faces a large delay.

The CDRSBK algorithm recognizes the couplings among trains that have a conflict to be active. When
rescheduling one train, some variables of its actively coupled train(s) can also be changed. Therefore, as we
can see in Fig. 3(d), the path of train_1 is optimized together with that of train 2. With a slight change
of train_1, a solution better than the PR solution is found for train 2, as well as for the overall system
(less total delays). The CDRSBK strategy can apparently gather the trains involved in each conflict into
a group and to schedule each group of train(s) independently, until a feasible solution is found. For the
TRA decomposition, the CDRSBK algorithm somehow reflects the actual behavior of human dispatchers
who detect “potential” conflicts and prevent them according to their experience (differently, we resolve the
conflicts by means of optimization).

5. Implementation of the proposed decomposition methods and distributed algorithms

We consider a complete combination of the three decomposition methods and three distributed algo-
rithms, resulting in 9 algorithmic configurations. In this section, we discuss their implementation. Some
interpretations are given with regards to how to define the active and non-active couplings used by the
CDRSBK algorithm, followed by some tips and suggestions for achieving feasibility.

5.1. Active and non-active couplings of the CDRSBK algorithm

We now explain how to define the active and non-active couplings of the CDRSBK algorithm for different
decomposition methods.

e For the GEO decomposition

If two regions are connected by tracks, i.e., they are neighbors, then we consider that a coupling exists
between the two subproblems (regions). A coupling between two subproblems is considered to be active
(Type_2) if there is any train traverse between the two regions of the two subproblems; otherwise, the
coupling is recognized as non-active coupling (Type 1). Regarding Type 3 and Type_4 couplings,
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we follow their general definitions, i.e., the couplings between an actively coupled neighbor and its
coupled neighbors are considered as Type_ 3 coupling and the coupling between two actively coupled
neighbors is labeled as Type 4.

For the TRA decomposition

If two trains use the same infrastructure (block sections), then we consider that a coupling exists
between the two subproblems of these two trains. If a conflict exists between these two trains, then
their coupling is recognized as an active coupling; otherwise, their coupling is considered to be non-
active. For coupling Type 3 and Type 4, we follow their general definitions.

In the TRA decomposition, we often have many trains that use the same infrastructure; but conflicts
may never happen among some of them, e.g., a train scheduled in the early morning has little chance
to have a conflict with another train scheduled in the late afternoon. Thus, to further reduce the
problem complexity for large-scale networks, we provide two more options for defining couplings of
different types. We denote the option described above as Opt 1. The difference between Opt 1 and
Opt_ 2 lies in the definition of coupling Type 3: in Opt_ 2, we label the couplings between an actively
coupled neighbor and its actively coupled neighbor as Type 3. Based on Opt_ 2, we further discard
all Type 1 couplings, which results in Opt_3, i.e., when and only when a conflict occurs between
two trains, a coupling will appear between them and be recognized as active coupling (Type 2). An
illustrative example is provided in Appendix B to graphically explain these three options.

For the TIN decomposition

Due to the nature of the TIN decomposition, the relation among subproblems is relatively simple
in this case. Couplings exist only between two consecutive subproblems (i.e., two subproblems of
two consecutive time intervals ¢ and ¢ + 1). All existing couplings are recognized as active couplings
(Type_2). As a result, according to the general definition of the four types of couplings introduced
in Section 4.3, the couplings between a consecutive subproblem and its consecutive subproblem are
considered as Type_ 3 (e.g., for subproblem ¢, a Type 3 coupling exists between subproblems ¢ + 1
and ¢ + 2). Moreover, Type 1 and Type 4 couplings do not appear.

Remark (Feasibility achievement)

It is essential to ensure that train orders in the subproblems are feasible, in order to avoid unnecessary
iterations and to achieve fast convergence. To do this, we keep a consistency of the train orders that
are interrelated, e.g., if two trains cannot overtake on a sequence of block sections, then the train
orders of these two trains on these block sections are interrelated and must be the same.

When implementing the TIN decomposition with the CDRSBK algorithm, we suggest to solve sub-
problems by following the order of time horizon (i.e., in a sequence of time intervals t = 1,2,3,....) in
the first iteration, in order to generate a feasible solution.

An inappropriate choice of big-M in (16) may lead to computing errors and hence cause infeasibility.

The CDRSBK algorithm requires precise computation (regarding feasibility tolerance and integral
tolerance); otherwise, the computing errors may lead to infeasibility.

For the TRA decomposition, a feasible solution can always be found by the PR or CDRSBK algorithm
in an infinite planning horizon. The ADMM algorithm can also find feasible solutions under the TRA
decomposition, which is achieved by appropriately setting the penalty multiplier.

6. Case study

6.1. Set-up

We consider a railway network in the South-East of the Netherlands that spans 10 dispatching areas
of the Dutch railway network, as shown in Fig. 4. The network includes the 4 major stations of Utrecht
Central, Arnhem, Nijmegen, and Den Bosch (’s-Hertogenbosch), plus other 40 minor stations. The two
main traffic directions are served by the line between Utrecht and Arnhem (towards Germany) and the
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line between Utrecht and Den Bosch (from Amsterdam towards Eindhoven and the southern part of the
country). The network comprises a combination of single and double tracks of different lengths, described
by 891 nodes and 968 links. There are 46 links that trains can use in both directions, and the other links are
practically used in a single direction by the current timetable. A case of 154 trains scheduled on this network
is considered as test bed, including both local and intercity services. We consider only local rerouting and fix
train global routes. Moreover, we consider 10 delay scenarios randomly generated by following a 3-parameter
Weibull distribution (see Corman et al. 2011b). Additionally, we report the details of the instance and of
the experimental results in the online repository (Research Collection ETH Zurich).

Germany ;1"

Winterswijk li;\

,‘} .

Hilversum +-="] |

Deventer !

Arnhem

N

Amsterdam

.. Rotterdam
The Hague

L "ijmegen
L

———-.. Eindhoven
=

héreda
Figure 4. A large-scale railway network

For the GEO decomposition, we partition the network shown in Fig. 4 into 3, 5, 7, and 9 regions, and for
the TIN decomposition, we set the time interval length to be 5 and 10 mins. For the ADMM algorithm, the
penalty multiplier p is considered to be a function of the iteration index. We consider 4 options for updating
the penalty multiplier, i.e., o*™all(.), plaree(.)  plinear() "and o®*P(.), respectively indicating a small constant
multiplier function, a large constant multiplier function, a linearly increasing function, and an exponentially
increasing function. These functions are set to be in the range of [1,10]. This means that we let g*™a!!(.) =1
(ie., p@ = p(>) = 1) and >&°(-) = 10 (i.e., p®) = p(>) = 10) for all iterations, and respectively let the
function "¢ (.) and @®P(-) increase linearly and exponentially from 1 to 10 as a function of the iteration
index, i.e., p® = 1 and p{>) = 10. We here consider only the serial implementation of the ADMM algorithm
and leave its parallel implementation for future research. Moreover, we follow Opt_3 to define active and
non-active couplings for the CDRSBK algorithm in the case of the TRA decomposition, because it performs
much better than Opt_1 and Opt_ 2 according to our tests on a small instance.

We adopt the CPLEX solver version 12.9.0 implemented in the MATLAB (R2019a) to solve the MILP
problems. The experiments are performed on a computer with an Intel®) Core™ i7 @ 1.80 GHz processor
and 16GB RAM.
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6.2. Preliminaries

We first show the GEO decomposition results in Section 6.2.1, followed by the lower bounds of the
decomposition in Section 6.2.2.

6.2.1. The GEO decomposition results

We apply the ILP model (2) to decompose the network of Fig. 4 into 3, 5, 7, and 9 regions. Fig. 5
illustrates the results of the railway network decomposition. In each subfigure of Fig. 5, a digit with a
circle indicates a region, containing a number of block sections. Each directed solid/dashed line indicate
an active/non-active coupling, with a digit to show the number of train service interconnections for the
corresponding pair of regions.

Region
Coupling
- Non-active coupling

Number of train
service connections

(¢) 7 regions (d) 9 regions

Figure 5. Railway network decomposition (GEO decomposition) in the cases of 3, 5, 7, and 9 regions

In the late sections, all distributed computation results of the GEO decomposition are obtained based
on the network decomposition shown in Fig. 5.

6.2.2. Lower bounds

We now discuss lower bounds to the problems, generated by ignoring the couplings among subproblems,
so that the subproblems are fully independent and can be solved separately. The lower bound (LB) for
the centralized (CEN) approach is 7586.55, which is also the optimal solution. The distributed approaches
have different values, depending on the approach and the amount of subproblems. The TIN decomposition
results in the loosest LB, at only 1654.00 (respectively 2797.80) for a 5 min time interval (respectively 10
min). The TRA decomposition yields a LB of 5873.50. For the GEO decomposition, a smaller number of
regions generally leads to a tighter LB, i.e., from 3 to 5, 7 and 9 regions, the following LBs are computed:
7125.00, 6313.60, 5886.35, and 5338.00.

The number of the relaxed time transition constraints for the GEO decomposition is 38, 140, 220, and
258 in the case of 3, 5, 7, and 9 regions respectively. For the TRA decomposition, there are up to 22498
capacity constraints relaxed, even though not all are decisive (i.e., removing them will not affect the optimal
solution). However, we cannot identify those decisive capacity constraints in advance, and they all need to
be included to guarantee a conflict-free timetable. The CDRSBK algorithm implicitly considers this fact
for the TRA decomposition, as it supposes that all capacity constraints are not decisive, and iteratively
including only the capacity constraints for those trains with detected conflicts (i.e., active couplings).
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The TIN decomposition takes train primary delays into account; so the numbers of relaxed constraints
are different in different delay scenarios, with an average of 23008 or 22787 constraints for respectively a 5
or 10 min time interval. Such a large number identifies the capacity and time transition constraints relaxed
when computing the LB. It is therefore understandable why the LB of the TIN decomposition is so loose.

6.3. Distributed computation results

We now present the distributed computation results. In Section 6.3.1, we show the average results of
the randomly generated 10 delay scenarios, from the viewpoints of feasibility, computational efficiency, and
optimality gap, in order to compare the overall performance of the proposed decomposition and distributed
solution algorithms, and with the centralized (CEN) results as well. Section 6.3.2 reports the number of
changed variables and solution updates along the iterations. Section 6.3.3 presents the trade-off between
the feasibility of solving subproblems independently (without any coordination) and the optimality gap of
the distributed optimization results.

6.3.1. Owverall performance: feasibility, computational efficiency, and optimality

The overall performance of the decomposition and distributed algorithms is examined in terms of fea-
sibility, computational efficiency, and optimality. Fig. 6(a) reports the optimality gap between the best
feasible solution and the CEN solution, and Fig. 6(b) shows the computational efficiency, measured by the
cumulative computation time for finding the best feasible solution. We use colors and marks: a darker
green color implies a smaller optimality gap and a shorter computation time as well; also, more plus marks
are labeled to indicate better performance. In the figures, the feasibility information is delivered by the
indicated black blocks with “infea” marks, which means no feasible solution is found. We report here the
average of the 10 delay scenarios generated randomly.

(a) Optimality gap Decomposition
Number of regions / Time interval length m Il
CEN GEO TRA TIN '
Algorithm  Setting - 3 5 7 9 - 5 10 0% 100%
CEN - +++
_ +++ -
ADMM 4 ++ + ++ + + - - best worse
Qe ++ + + - = = -
()Imeav Eus -t + + —_ - -
7@”" ++ ++ ++ + + - -
PR - ++ infea infea infea =
CDRSBK - +++ +++ +++ +++ +++

(b) Computational efficiency Decomposition

Number of regions / Time interval length “l

) ) CEN ‘ GEO ‘ TRA ‘ IN '
Algorithm  Setting - 3 5 7 9 - 1200s
CEN - -
ADMM o + + + - + worse
o ++ ++ ++ ++ ++
o + + + + +
o™ ++ + + + +
PR - ++ infea infea infea ++ infea infea
CDRSBK - ++ + ++ ++ +++ +++ +++

Figure 6. Overall performance in terms of feasibility, computational efficiency, and optimality

From the feasibility perspective, the ADMM and CDRSBK algorithm can find feasible solutions for all
cases of decomposition and delay scenarios. The PR algorithm can only find feasible solutions for the cases
of the TRA decomposition and the GEO decomposition with 3 regions.

Let us look at the optimality gap in Fig. 6(a), which reflects the solution quality of the best feasible
solution obtained. As shown, the quality of the CDRSBK solution is outstanding, reaching the optimum or
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being near-optimal for most cases. The ADMM algorithm performs differently, depending on the decom-
position method and penalty multiplier p used. When looking horizontally, the ADMM solution quality is
fine for the GEO decomposition with a smaller number of regions, and it gets worse when increasing the
number of regions under consideration. For the TIN decomposition, the ADMM solution quality becomes
much worse. When looking vertically, the small constant multiplier 02! or the exponentially increasing
multiplier ¢®*P helps to find a better solution for the ADMM algorithm, and considering a large constant
multiplier o8¢ results in a larger optimality gap. It is also observed from our experimental results that
considering the cost-to-go function (12) can significantly improve the ADMM solution quality, achieving up
to 67% improvement for a single delay scenario and to 38% on average of the 10 delay scenarios. For the
sake of compactness, Fig. 6(a) does not present the results without the cost-to-go function.

When focusing on the computational efficiency shown in Fig. 6(b), the CDRSBK algorithm finds the
best feasible solution most efficiently for the TRA and the TIN decomposition. The ADMM algorithm
performs the worst for the TIN decomposition, consuming long computation times. Considering a large
constant multiplier 0'*#® or a smaller number of regions makes the ADMM algorithm converge faster, and
hence yields a better computational efficiency.

Considering the CEN solution as a benchmark, we summarize the overall performance of the proposed
decomposition and distributed algorithms as follows:

(1) The CEN solution has a high quality (optimum) achieved at the expense of a longer computation time.

(2) The ADMM algorithm has improved computational efficiency, at the cost of reduced solution quality,
in the cases of the GEO and the TRA decomposition. The ADMM algorithm performs worst in both
solution quality and computational efficiency for the TIN decomposition.

(3) The PR algorithm fails in finding feasible solutions for the GEO and TIN decomposition, but it can find
a feasible solution quickly in the case of the TRA decomposition with a guarantee for feasibility but not
for solution quality.

(4) The CDRSBK algorithm generates optimal or near-optimal solutions most efficiently, where computa-
tional efficiency is improved without sacrificing the solution quality (or with only a little sacrifice), in
comparison with the CEN solution. Among the three decomposition methods, the TRA decomposition
performs best in terms of both optimality and computational efficiency, as well as feasibility.

In addition, we can observe that the performance of a decomposition method can be different in different
algorithms (and vice versa). The algorithm is of comparable importance to the decomposition. The best
collocation enables us to play with their advantages and promote the overall performance.

6.3.2. Number of changed variables and updates of feasible solutions

In Fig. 7(a)-(c), the number of changed variables in the solving process is shown as a function of the
iteration, for a representative case of the ADMM, PR, and CDRSBK algorithm respectively. The black
solid line with circles indicates the number of changed time variables (including train departure times and
arrival times) at iterations, and the green solid line with triangles indicates the number of changed train
order variables at iterations. The purple dashed line and the red dashed line with dots respectively report
the incumbent and the best feasible solution found.

The ADMM algorithm in Fig. 7(a) shows a steady reduction of the number of changed time variables
from the first iteration onwards. Similarly, train orders change heavily at the first iterations; then they
decreases towards almost no change at the later iterations. The ADMM solving process is terminated when
all coupling constraints hold, i.e., when a feasible solution is found. Therefore, for the ADMM algorithm,
only one feasible solution is indicated, corresponding to the last iteration in Fig. 7(a).

The PR algorithm with the TRA decomposition in Fig. 7(b) reports instead irregular variations for both
changed time and train order variables. This is due to the iterative behavior, ignoring the solution of the last
iteration, but focusing only on the solutions at the current iteration. The procedure has a feasible solution
at each iteration, but with no guarantee of quality improvement (in fact with an erratic behavior).

For the CDRSBK algorithm, a 5-min time interval case of the TIN decomposition (with 14 subproblems)
is illustrated in Fig. 7(c). The numbers of changed time variables and train order variables are large at
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the first iterations and then both decrease sharply, to a constant, non-zero value. Meanwhile, train order
variables do not change anymore. In fact, once a feasible solution is found, the CDRSBK algorithm generates
new solutions by improving the obtained feasible solution. Each new feasible solution found guarantees
improvement; therefore, the purple dashed line and the red dashed line overlap. The variations of the
time variables after 3 iterations, which are not connected to any improvement of solution quality, hint at
a multiplicity of optimal solutions for each subproblem, we accept one optimal solution out of the solution
pool, which may be different from iteration to iteration but with the same objective value.

6.3.3. Feasibility and optimality gap

Fig. 8 is divided into three parts for the GEO, TRA, and TIN decomposition respectively, and it presents
the trade-off between the feasibility of the solution without coordination of subproblems (i.e., the LB so-
lution) and the optimality gap of the distributed optimization results. The feasibility of a LB solution is
measured by the percentage of the constraints that are satisfied in the LB solution, indicated by the dashed
line with triangles in red, represented on the y-axis on the right-hand side of the plot. The optimality gap
is measured by the distance of the obtained feasible solution from the centralized (CEN) solution, indicated
by circles, pluses, and squares for the ADMM, PR, and CDRSBK algorithm respectively, represented on the
left-hand-side y-axis. Some plus symbols are missing because the PR algorithm does not find any feasible
solution for these cases. For the centralized computation, there is no coupling (and thus no complicating
constraint), and the problem is solved to optimality. So the feasibility is true (has a value of 1), and the
optimality gap is zero. Fig. 8 reports the average of the 10 delay scenarios.

Overall, for a specific decomposition method, the feasibility of independently solving subproblems de-
creases with the increasing number of coupling constraints (i.e., the relaxed constraints) on the x-axis. For
the TRA decomposition, although a large number of coupling constraints are relaxed, only a small number
of them are not satisfied in the LB solution (which is reflected by the red triangle that goes up in the column
of the TRA decomposition, comparing with the GEO results), revealing again the observation and discussion
in Section 6.2.2. When focusing on the results of the ADMM algorithm, we can observe that the optimality
gap of the best feasible solution becomes larger when relaxing more constraints, as generally recognized. Let
us look at the results of the CDRSBK algorithm. For the GEO and TRA decomposition, the optimality gap
does not increase with the number of coupling constraints, staying (close to) zero. In the case of the TIN
decomposition, the CDRSBK optimality gap increases, but not as much as that of the ADMM algorithm.
This highlights the outstanding performance of the CDRSBK algorithm.

7. Conclusions

We have introduced decomposition and distributed optimization approaches, aiming at improving the
computational efficiency of solving the real-time traffic management optimization problem for large-scale
railway networks. We have considered decomposing the whole optimization problem into several tractable
subproblems, based on geography (GEO), trains (TRA), and time intervals (TIN). Three distributed opti-
mization approaches have been proposed for coordinating subproblems, namely the Alternating Direction
Method of Multipliers (ADMM) algorithm, the priority-rule-based (PR) algorithm, and the Cooperative
Distributed Robust Safe But Knowledgeable (CDRSBK) algorithm. Their performance has been examined
on a large real-life case, in terms of feasibility, computational efficiency, and optimality.

According to the experimental results, we conclude that the CDRSBK algorithm applied to the case
of the TRA decomposition overall yields the best performance: a high-quality (optimal or near-optimal)
solution can be found within 10 s of computation time, with a guarantee of finding feasible solution(s).
This proves the potential of decomposition and distributed optimization approaches in the real-time traffic
management problem.

The other approaches also have merits. The ADMM algorithm is able to generate feasible solutions,
albeit their quality is far from optimality, and requires a lot of iterations and a long computation time. The
PR algorithm fails in finding a feasible solution for the GEO decomposition with larger numbers of regions
and for the TIN decomposition. When used with the TRA decomposition, the PR algorithm is extremely
fast (2 s) in finding a first feasible solution, although with a bad solution quality, up to 60% optimality gap.
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The improvement in computation speed and quality is an enabler of further relevant extensions of the
problem, such as considering individual passenger flows and their nonlinear decision process (Corman 2020);
nonlinear variations of train speed (Luan et al. 2018, Xu et al. 2017); including strategic issues like line
planning, rolling stock circulation, maintenance (Luan et al. 2017b, Schobel 2017). Finally, a fast, effective
algorithm is a strong prerequisite for any real-life implementation (Mannino 2011, Corman et al. 2018).

Currently, we let the CDRSBK algorithm search by itself the first feasible solution and improve the
found feasible solution iteratively. We could also give an initial feasible solution (e.g., using the solution
quickly generated by the PR algorithm in the case of the TRA decomposition) to the CDRSBK algorithm.
We could then let the CDRSBK algorithm improve the given feasible solution, to assess a computational
efficiency gain (warm start), and explore whether the CDRSBK algorithm can escape local minima, and
find the global optimum. This leads to one direction of the future research. In addition, we can explore how
to make an appropriate choice of the penalty multiplier for the ADMM algorithm, in order to improve the
convergence speed as well as to make the performance of the ADMM algorithm less dependent on the given
initial value of the penalty multiplier. We will also investigate the parallel implementation of the ADMM
algorithm, where an improvement of the ADMM algorithm in computational efficiency can be expected.
Moreover, as an extension of the TIN decomposition, we could consider a closed-loop control of the traffic
to cope with stochastic disturbances and uncertain information and perform an experimental analysis of the
closed-loop behavior (see Corman et al. 2018).
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Appendix A An MILP approach for addressing the real-time traffic management problem

This section introduces an MILP model based on the time-continuous formulation method for addressing
the railway traffic management problem, where train routes, orders, and departure and arrival times are
not considered static, nor decided based on departure times at stations, but instead optimized based on the
current delay and traffic situation. The following assumptions are made: (1) each train is represented by a
virtual dot for simplicity; (2) for a double-track segment between two stations, each track is described as
a sequence of directional block sections; (3) for a single-track segment, the track is modeled as a series of
bi-directional block sections, and the block sections in different directions are considered to be identical; (4)
only one train is permitted on a block section at any given time; (5) interlocking is not considered but can be
included by introducing incompatible sets of block sections, i.e., if one block section is occupied by a train,
then the block sections in its incompatible set are also blocked for other trains to use. More details of the
model assumptions can be found in Luan et al. (2017a). Table 2 lists the sets, subscripts, input parameters,
and decision variables used by the MILP model.

The objective is to minimize the sum over all trains of the delay times (including early delays) at all
visited stations, i.e., minimizing the deviation from the planned train timetable:

min 2= Y l|dpi;—wpij— Drajl, (16a)
FEF (i,5)eEFP
The objective function (16a) includes the absolute value operator. This can be handled directly by using the

“absolute value function" under the environment of the ILOG CPLEX Optimization Studio. Alternatively,
we can reformulate (16a) as min Z = >, p Z(ij)eE;mp zf4,; while adding the constraints of zy;; >

dfij—wsij— Dyijand zp; 5 > —ds; ; +wyr;; + Dy, ;. The nature of the optimization problem remains
linear.
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Table 2. Sets, subscripts, input parameters, and decision variables

Symbol  Description

Subscripts and sets

F set of trains, |F| is the number of trains
v set of nodes, |V] is the number of nodes
E set of links (i.e., block sections), E C V x V, |E| is the number of links
f train index, f € F
1,7,k node index, i,j,k € V
e link index, denoted by e = (i,j) € E
E; set of links that train f may use, £y C E
Ej;mp set of links in which train f should stop, E;t(’p C Ey, |E;t°p| is the number of stops of train f
Input parameters
T origin node of train f
oy destination node of train f
?ri primary delay time of train f at its origin node
oF planned departure time of train f at its origin node
Up direction of train f
i planned arrival time of train f on link (4, 5), (¢,7) € E;mp
T}n;zr; free flow running time of train f to drive through link (¢, )
i minimum dwell time of train f on link (4, 5)
W maximum dwell time of train f on link (4, j)
9pii safety time interval between occupancy of link (4, j) and arrival of train f, including setup
time, sight and reaction time, and approach time
by safety time interval between departure of train f and release of link (4, j), including clearing
time and release time
M a sufficiently large positive number
Decision variables
Cap.; arrival time of train f at link (i,5)
Fij departure time of train f from link (3, j)
wy; dwell time of train f on link (4, j)
Ty binary route selection variable: z, ; = 1if train f uses link (4,4), and otherwise zp; =0

ef,f’,i,j binary train ordering variables: nyf/’m- = 1 if train [ arrives at link (4, j) after trair’l,f, and
otherwise Hf,fﬁi,j =0

The following three constraints:

Z Tpgrg =1 VfeF (16Db)
J:(s.3)EEY

Yo wpig= Y, wpie VfEFjeV\{yy o4} (16¢)
i:(i,j)EEf k:(j,k)EEf

> #pie, =1, VfEF (16d)
j:(i,op)EE}

ensure the movement of a train on the network, from its origin node, via the intermediate stops, and to its
destination node respectively.
The following constraint ensures that trains do not leave their origins before the earliest departure time,

Afapyj = (¢f +¢1}n> “Tpy,g VfEF (Yr,j) € By, (16e)
i.e., the sum of the planned departure time and the primary delay time.

23



To force the transition of a train within a link, i.e., the train departure time from a link is greater (later)
than its arrival time at the same link, the following constraint is proposed:
dfij = agig, VfEF(ij)€ Ey. (16f)
If two adjacent links (7,7) and (4, k) are consecutively used by train f, then we should ensure that the
departure time of train f from link (7, j) equals its arrival time at link (4, k), formulated as follows:

Yo drig= Y apie Y EFjeV\{vy 05} (16g)
i:(i,)€Ey k:(j,k)EES
The train dwell time constraint
Wiy g Swp g SwET -y, V€ F (i) € Ef (16h)

guarantees the required minimum and maximum dwell times at stations. The minimum dwell time is the
time required to complete the processes of passengers boarding and alighting, goods loading and unloading,
etc. The maximum dwell time is used to avoid unallowed dwell events of trains. If a train is allowed to stop
on a link, then the corresponding maximum dwell time is set to be sufficiently large; if a train is not allowed
to stop on some particular links, then the corresponding maximum dwell times are set to be zero.
The train travel time constraint
df,i,j —Wfi 5 — Qfij > 7_}1’1213 EIERD Vf S F, (Z,j) S Ef (161)
enforces the required train free-flow running time.
The train order variables 6 s/ ; ; and the route selection variables xy; ; are linked by the following two
constraints:
Opprig+ 05105 > Tpag+apa;—1 Vi feF f#[.(ij)€ENEyp, (16))
Gf’f/,i’j—‘ref/’f,i,j <3 —Tfij—Tf i Vf7f/ EF,f;éf/,(i,j) e EyNEyp. (161{)
Specifically, constraints (16j)-(16k) make sure that if and only if both trains f and f’ traverse the link (4, j),
ie., xz¢;; = ;; =1, then both the inequalities reduce to an equality: 8¢ ¢/ ; ; +0 ¢:; = 1. This equality
indicates that either train f’ arrives at link (4, 7) after train f or train f arrives at link (4, j) after train f’.
With the following two constraints,
afrij = 9ragt B =i —xpi;—0ppagl- M>dpi;+ by,
VfeF fleF f+ f/,Uf = Uf/,(i,j) ceEyNEyp
agji = 9pgi+ B = Tpig =iy = Oppigl- M2 dgig+ by,
Vfe Faf/ € va?’é flvuf # Uf/,(i,j) € Ef’(jvi) € Ef'
we ensure that any pair of trains using one link in the same or different direction respectively are conflict-
free. If two trains are running on the same link, the successive train can only access to the link after the

link is released for the proceeding train.
The MILP problem (16) can be solved by a standard MILP solver, e.g., CPLEX or Gurobi.

(161)

(16m)

Appendix B An illustrative example

In this appendix, we use a small instance to explain the proposed decomposition methods and algorithms.
As illustrated in Fig. 9, the instance includes 4 trains following the pre-defined routes, i.e., train f; : e; —
eo — eq, train fo and f3:e; — e3 — e, and train f4 : e3 — es.

We now illustratively explain the formulation of the ILP problem proposed in Section 3.1. We can write
the set of block sections as E = {ej, eq,e3,e4,e5}. The route matrix By, and the variable vector 3y, for
train f; and the variable vector p for block sections can be expressed as

By, = (1) 11 8 701 8]7ﬁflz[gg2§;}’and/‘:[“1 M2 p3 4 “5]T

Consider the consecutive block sections e; and eg in the route of train f;; constraint (2b) results in the
inequality “\Lll‘?\i_ff‘ < (Bf,)1- The left-hand side of the inequality is strictly in the range of [0, 1]. If the two
block sections are assigned to the same region, i.e., i1 = 2, then we will have (87, )1 = 0 (as we are solving
a minimization problem). If block sections e; and e belong to different regions, i.e., p; # ps, then we will
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have (8f,)1 = 1, as the left-hand side of the inequality is in the range of (0,1] and Sy, is a binary vector.

Constraints (2d)-(2e) are used to avoid the solutions like 1 = [ 11 1 11 ]T

We now illustrate the three decomposition methods. Let us assume |R| = 5, i.e., we consider 5 regions
and each region contains only one block section, and let us denote T as the number of subproblems for the
TIN decomposition. By applying the three proposed decomposition methods, the resulting subproblems and
(primary) couplings are shown in Fig. 10. As illustrated, the GEO decomposition results in 5 subproblems,
corresponding to the 5 block sections respectively; the TRA decomposition leads to 4 subproblems, i.e., the
4 trains; and the TIN decomposition gives T' subproblems that are connected in a sequence of time horizon.

We now interpret the three options of defining the four types of couplings in the CDRSBK algorithm with
the TRA decomposition, as discussed in Section 5.1. Let us assume an infeasible timetable of Fig. 11(a),
which can be generated by independently scheduling trains one-by-one without coordination. The three
options are illustrated in Fig. 11(b)-Fig. 11(d) respectively. Let us now focus on scheduling train f; (i.e.,
solving subproblem f).

For Opt_ 1, let us first focus on solving subproblem f1, as shown in Fig. 11(b1). The coupling between
train f1 and fs is considered to be active (Type 2), because a conflict between train f; and train fo appears
in the timetable of Fig. 11(a). Both fy and f3 are actively coupled subproblems of f1; so a Type 4 coupling
exists between f5 and f3. Train f; and train f; use completely different block sections; therefore no coupling
exists between them. Train f4 uses some block sections that are also used by train fy and f3, but no conflict
is detected. So their couplings are recognized as a Type 3 coupling when focusing on solving subproblem
f1. Train f5 uses the same block sections as all the other trains, but it has a conflict with train f; only;
therefore, when scheduling train fo as shown in Fig. 11(b2), the coupling between fo and f; is considered
to be Type_ 2, and the coupling between fo and f5 (and f4) is recognized as Type 1.

For Opt_ 2, we identify a coupling to be Type 3 only if the coupling is recognized as an active coupling
when solving some other subproblems. As shown in Fig. 11(cl), the Type_ 3 coupling between fs and f4
is removed in comparison with Fig. 11(bl), because the coupling between fo and fy is recognized to be
non-active when solving subproblem f5 or f; as shown in Fig. 11(c2) and (c4). In Fig. 11(c2), the Type 3
coupling between f; and f3 stays because this coupling is recognized to be active when solving subproblem
f1 or f3 as shown in Fig. 11(c1) and (c3).

For Opt_ 3, we consider no coupling if there is no conflict. A Type 1 (non-active) coupling describes
that no conflict occurs between the corresponding two subproblems. Therefore, as illustrated in Fig. 11(d),
we remove all Type 1 couplings based on the coupling architecture of Opt_ 2 given in Fig. 11(c). Type 3
and Type 4 couplings are still defined in a way that is same as Opt_1 and Opt_ 2.

We next explain the three proposed distributed algorithms by considering the GEO decomposition as an
example. Fig. 10(a), which shows 5 subproblems and their couplings of the GEO decomposition, is re-drawn
as Fig. 12(a) to express the local and coupling variables. Fig. 12(a) is used to graphically explain the solution
process of the three algorithms.

Fig. 12(b) and Fig. 12(c) illustrate the solving process of the ADMM algorithm with serial and parallel
implementation respectively, based on the small instance. For the serial implementation, we randomly
generate orders of subproblems in each iteration and solve each subproblem according to the orders through
coordination with other neighboring subproblems. As shown, we first solve subproblem 5, then the obtained
solution of subproblem 5 is given as a soft constraint to solve subproblem 3. Subproblem 1 is solved based
on the solutions of both subproblem 2 and subproblem 3, as soft constraints as well. In each iteration,
we always consider the latest solution obtained, e.g., when solving subproblem 1 in iteration 2, we use the
solution of subproblem 2 obtained in the last iteration (i.e., iteration 1), as subproblem 2 has not been
solved in iteration 2, and we use solution of subproblem 3 obtained in iteration 2, as it has been solved in
current iteration 2. For the parallel implementation, as shown in Fig. 12(c), we only consider the solution
obtained in the last iteration, rather than the latest solution (updated in the current iteration).

The solving process of the PR algorithm is illustrated in Fig. 12(d) for the small instance. As shown,
subproblem 5 is first solved at iteration 1. After solving subproblem 5, the solution of subproblem 5
is given as a hard constraint, indicated by a black block, for solving subproblem 3. As we only respect
the solutions obtained at current iteration, there is no explicit interaction between iterations. The only
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interaction between iterations is that the priority of subproblems in an iteration is determined based on the
solution (delays of subproblems) obtained at the last iteration.

Fig. 12(e) illustrates the solving process of the CDRSBK algorithm. In this case, all couplings between
two neighboring subproblems are considered to be active (Type 2). As shown, in iteration 1, with the
focus on subproblem 5, we first solve subproblem 5 and subproblem 3. Then focusing on subproblem 3,
we solve subproblem 5, 3, and 1, but only part of variables in subproblem 5 can be changed. Dark gray
indicates unchangeable variables, coming from the last solution obtained for the corresponding subprob-
lem, and light gray indicates changeable variables. When addressing subproblem 2, some variables in
subproblem 1 are unchangeable, including the coupling variables related to subproblem 3. Therefore, the
coupling between subproblem 1 and subproblem 3 will also be satisfied as a hard constraint when solving
subproblem 2.
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