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Abstract

Railway networks, such as the one in the Netherlands, form an important means of trans-
portation, both for passengers, as well as for transporting goods. Train services carrying
passengers often run according to a predefined schedule or timetable. When those train ser-
vices are delayed, for example due to accidents or malfunctioning rolling stock, the affected
train may not be able to run according to schedule any longer. When the railway network
is dense and hosts different kinds of services, such as local and intercity services, this initial
delay is easily passed on to other train services in the network, due to different stopping
patterns and drive speeds. Human dispatchers, possibly aided by computer systems, make
temporary modifications to the way the network is used by the trains running in the region of
the disturbance. However, due to the high complexity and the limited time, these decisions
may be optimal for only the designated area of the dispatcher, but far from optimal from a
network perspective. Therefore, a railway network operator could have a major benefit from
a system able to compute globally optimal decisions in the case of disturbances.

This thesis is written as part of the development of such a system. Specifically, this project
aims at applying Model Predictive Control (MPC) to railway networks. In MPC, a model of
the system is used to predict the future behaviour of the system within a prediction horizon.
The principle of receding horizon control is employed to compute an optimal future input
sequence, such that a certain cost is minimized. This cost is the total delay in the network
within the prediction horizon. The inputs of the controlled system are associated to the order
of a train pair on a track. Train orders can be swapped at stations and junctions. As there are
many of those points present in the network, swapping orders offers the most possibilities and
is effective in a wide range of delay scenarios. Therefore, in this thesis only order swaps are
considered. The system is modelled within a max-plus algebraic framework, which allows for
a structured representation and systematic approach, where the latter is especially useful for
future endeavours to exploit max-plus system theory, such that for example model reduction
can be applied to the generally very large railway models.

The algorithm presented in this thesis forms the basis for an MPC algorithm for railway
networks. The development of a tailor-made receding horizon control algorithm for railway
networks, has not been carried out before. First an extension of the existing max-plus linear
model is presented, such that a model which is uncertain in the parameters is obtained. This
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model already contains controllable train orders. The problem of finding the optimal order
swaps, such that the total delay in the network is minimal, can be written as a Mixed Integer
Linear Programming problem. Several test cases were derived to highlight the various as-
pects of the receding horizon control algorithm, such as how it copes with different parameter
estimations at various points in time. Through the use of a time-based control horizon, a
significant reduction in computation time was achieved an provides a very good method to
overcome the computational complexity encountered during optimal control of railway net-
works. Although the prediction horizon is defined in the discrete event domain, the algorithm
is easily modified to also contain a time-based prediction horizon, allowing for more freedom
in tuning of the prediction horizon and thus also computation times.

Ate Conraad Kleijn Master of Science Thesis



Table of Contents

Acknowledgements xi
1 Introduction 1
1-1 Railway Terminology . . . . . . . . . . . .. 1
1-2 Line planning . . . . . . L 3
1-2-1 Timetable design . . . . . . . . .. 3
1-2-2 Resource allocation . . . . .. . ... ... 4

1-3 Delays and Dispatching Actions . . . . . . . . . . . ... 4
1-3-1 Dispatching actions aimed at reducing secondary delays . . . . . . . . .. 4

1-4 Automation Approaches . . . . . . . ... 6
1-4-1 Summary of related work . . . . . . ... 6

1-5 Problem description and project goals . . . . . . . .. .. ... 9
1-6 Thesis Outline . . . . . . . . . . . 10
2 Modelling 11
2-1 Modelling Aspects . . . . . . . . . . 11
2-2 Max Plus Algebra . . . . . . .. 13
2-2-1 Basic concepts and definitions . . . . .. ... 13
2-2-2  Vectors and matrices . . . . . .. ..o 14

2-3 Railway Network System Description . . . . . . . . .. . ... ... ... .... 15
2-3-1 Max-Plus System Description . . . . . . .. ... .. .. ... ...... 16
2-3-2  Nominal System Description . . . . . . . .. . ... ... ... ... 18
2-3-3 Perturbed System Description . . . . . ... ... ... ... ..., 20

2-4 Conclusions . . . . . .. L 21

Master of Science Thesis Ate Conraad Kleijn



iv Table of Contents

3 Control 23
3-1 Order Swap Example . . . . . . . . 23
3-2 Controlled System Description . . . . . .. . . .. . ... 24
3-3 Prediction Model . . . . .. 28
3-4 Solving the Control Problem . . . . . . ... ... ... ... .. .. ...... 31
3-5 Receding Horizon Control . . . . . . . . .. . . ... ... 33

3-5-1 Event time constraints . . . . . . .. ... 34
3-5-2  Constraints due to computation time . . . . . . . . . ... .. ... ... 36
3-5-3 Receding horizon MILP constraints . . . . . . . . .. ... ... .. ... 39
3-6 Conclusions . . . . . .. 40

4 Implementation 41
4-1 Introduction . . . . . .. L 41
4-2 Data Structures . . . . . .. 41

4-2-1 Timetable . . . . . . .. 42
4-3  From Timetable to Prediction System . . . . .. . .. .. ... ... ...... 43
4-3-1 Obtaining the running and dwell time matrices . . . . . . ... ... .. 44
4-3-2 Obtaining the headway time matrices . . . . . .. . ... ... ..... 46
4-4 Receding Horizon Algorithm . . . . . . . . . . ..o 46
4-4-1 Supplying disturbance information . . . . . . ... ... ... ... 50
4-4-2 Fixing the states and inputs . . . . . . . .. ... ... ... 51
4-4-3 Extracting sub-matrices . . . . .. ... 51
4-4-4  Constructing the MILP constraints . . . . . . .. .. ... ... ..... 52
4-4-5 Shifting the horizon . . . . . . . .. ... 57
4-4-6 Control Horizon . . . . . . . . . . ... 59
4-5 Conclusions . . . . . .. 59

5 Case Studies 65
5-1 Introduction . . . . . . . L 65
5-2 Test Network . . . . . . . . 65
5-3 Testcases . . . . . .. 67
5-4 Setup and Settings . . . . . ... L 70
5-5 Results . . . . . . 70

5-5-1 Testcase 1.1 . . . . . . . 70
5-5-2 Testcase 1.2 . . . . . . 72
5-5-3 Testcase 2.1 . . . . . .. 74
5-5-4 Testcase 2.2 . . . .. 76
5-6 Conclusions . . . . . .. L 76

Ate Conraad Kleijn Master of Science Thesis



Table of Contents v

6 Conclusions and Recommendations 79
6-1 Conclusions . . . . . . L 79
6-2 Recommendations For Future Work . . . . . . . .. ... L. 81

6-2-1 Time-based prediction horizon . . . . . . . . ... ... ... ... 81
6-2-2 Dynamic control/prediction horizon length . . . . . . . .. ... ... .. 81
6-2-3 Control horizon over successive events . . . . . . . . .. ... ... ... 81
6-2-4 Effect of parameter variation . . . . . . .. ... ... L L. 83

A Appendix 85
A-1 Timetable for the test network . . . . . . . . . . . ... ... ... .. 85
Bibliography 87

Master of Science Thesis Ate Conraad Kleijn



vi Table of Contents

Ate Conraad Kleijn Master of Science Thesis



21
22
23
2.4
25

34

3-5

3-6

41
4-2

Master of Science Thesis

List of Figures

One cycle contains a set of past decisions and events and a set of future decisions
and events. The controller is allowed to only optimize over the set of future
decisions and events. . . . . . .. L

Junction merging two separate tracks intoone. . . . .. .. .. ... ...

Junction at which tracks cross. . . . . . .. ..o
Illustration of a train runon atrack. . . . . . . .. ... ... ... .. .....
Trains crossing paths share a virtual track with 0 minutes running time. . . . . .

Illustration of headway time between two subsequent trains. . . . . . . ... ..

Example network in which train 1 acquires a delay at station B. . . . . .. . ..
The principle of receding horizon control. . . . . . .. ... ... ... .....

During disturbances events are delayed and it takes longer before all event infor-
mation of the perturbed cycle is available, so at some point in time in that cycle,
there are more pending events than there would be in the nominal case. Due to

the disturbance, not all events of cycle k' have occurred until time t3 > t3. As
the disturbance also affects events from cycle k¥’ + 1, the point t4 is also shifted
to t,. Note, however, that due to a stable timetable and effect of control actions,

the distance between t4, and t; is smaller than the distance between ¢35 and té
(assuming no more disturbances occur). . . . ...

The decision to change the order of train 1 and 2 is not known until time ¢ + §;.
Therefore, train 2 cannot have departed or arrived earlier than that time. .

Situation in which the order must be maintained during the optimization. If an
order swap were allowed, both events would have to be postponed to not earlier
than ¢+ d;. In that case, the total delay would be bigger than when the order swap
was not allowed. . . . . . ..

Visualization of the control horizon. . . . . . . . . . . . . ... ... ... ...

Global scheme of the algorithm. . . . . . . .. ... ... ... . ........

Entries of the coordinate lists point to entries in §, wand ©. . . . . . . ... ..

10

12

12
12
13

13

23
34

35

37

38
39

42
44

Ate Conraad Kleijn



viii

List of Figures

4-3
4-4

4-6
4.7

5-1

5-2

5-3

5-5

5-6

5-7
5-8

5-9

5-10

5-11

5-12

5-13

5-14

5-15

5-16

A-1

Ate Conraad Kleijn

Separation of fixed and variable event times. . . . . . . .. ... ... ...
Separation of fixed and variable inputs. . . . . . .. ... ... ... ...
Extracting the sub system related to ¢¥®". . . . . . . .. ... ... ... ...
Visualization of index mapping. The same applies to the event time vector

Separation of fixed and variable inputs when using a time-based control horizon.

The network used for the case studies as described in this chapter. Above: the
track layout. Below: thelineplan. . . . . . . . . . . ... ...

Place-time diagram the lines running between stations 7, 3 and 6 in the case of
nominal operation. . . . . . . .. ..

Place-time diagram for the lines running between stations 1 and 6 in the case of
nominal operation. . . . . . . .. ..

Network situation at 9:00h in test case 1.1. All event times later than 9:00h are
estimates. . . . . . . ...

Network situation at 9:17h in test case 1.1. All event times later than 9:17h are
estimates. No order swap is advised yet. . . . . . . . .. .. .. ... ... ..

Network situation at 9:23h in test case 1.1. All event times later than 9:23h are
estimates. The order of train 301 and 101 is changed. However, train 301 cannot

depart at its scheduled time of 9:20h. . . . . . . . . ... ... L.

Network situation at 9:29h in test case 1.2. All event times later than 9:20h are
estimates. . . . . . L L

Network situation at 9:32h in test case 1.2, after the first optimization. All event
times later than 9:32h are estimates. . . . . . . . ... .. ...

Network situation at 9:35h in test case 1.2, after the second optimization. Train

302 is allowed to leave at its scheduled time. All event times later than 9:35h are
estimates. . . . . .o L e

Network situation at 9:37h in test case 1.2 with §; = 4 minutes. Train 302 is
forced to leave with adelay. . . . . . . . . . . ... . ... ...

Total delay with and without applying control in scenario 1. . . . . . . .. . ..
Total delay with and without applying control in scenario 2. . . . .. . .. ...

Place-time diagram for the lines running between stations 7, 3 and 6 during scenario
1, in which train 101 is delayed 10 minutes. The actual movement is shown with
a solid line, whereas the scheduled movement is shown with a dotted line. . . . .

Place-time diagram for the lines running between stations 1 and 6 during scenario
2, in which train 301 is delayed 10 minutes. . . . . . . . . . ... ... ... ..

Reduction in computation time compared to full control for various lengths of N,
for scenario 1. Each line is associated to a specific disturbance magnitude. . . . .

Reduction in computation time compared to full control for various lengths of N,
for scenario 2. Each line is associated to a specific disturbance magnitude. . . . .

Track numbering of the test network. . . . . . . . . . . .. ... ... ... ...

50
o1
o1
o7
99

66

67

68

71

71

72

73

73

74

74

75

75

7

7

78

78

85

Master of Science Thesis



List of Tables

4-1 The timetable format. . . . . . . . . . . .. ... 43
5-1 Schedule for trains running from right to left in Figure 5-1 . . . . . .. ... .. 66
5-2  Schedule for trains running from left to right in Figure 5-1 . . . . . .. ... .. 67
5-3 Datafortestcase 1.1 . . . . . . . . . ... 69
5-4 Datafortestcase 1.2 . . . . . . . . L 69
5-5 PCspecifications. . . . . . . .. L 70
5-6 Simulation parameters. . . . . . . ... 70
A-1 The timetable for the test network. . . . . . . . . . . ... ... ... 86

Master of Science Thesis Ate Conraad Kleijn



X List of Tables

Ate Conraad Kleijn Master of Science Thesis



Acknowledgements

My gratitude goes out to my supervisor, Dr. Ir. Ton J.J. van den Boom, for his support
throughout the project. I would also like to thank Ir. Bart Kersbergen, who joined the team
the last couple of months. Thanks for your useful feedback and thinking-along!

Delft, University of Technology Ate Conraad Kleijn
May 15, 2012

Master of Science Thesis Ate Conraad Kleijn



xii Acknowledgements

Ate Conraad Kleijn Master of Science Thesis



Chapter 1

Introduction

The Dutch railway network is used by both passenger and freight trains. The passenger
trains, for the largest part operated by the NS (Nederlandse Spoorwegen), run according to
a predefined schedule. In case of a disturbance, such that, for example, a train is forced to
drive slowly, a scheduled arrival or departure cannot can be delayed. Especially when the
network hosts a high density of trains, the delayed train easily gets into conflict with other
trains. In that case, dispatchers decide on what actions to take, such that nominal network
operation can be regained as quickly as possible. However, due to the high complexity of
this decision problem, often a solution is chosen which is good enough for the designated
area of the dispatcher, but far from optimal from a network point of view. A decision may
introduce new, unforeseen problems at another point in the network. Therefore, a railway
network operator could have a major benefit from a system able to compute decisions which
are optimal from a network point of view. This chapter presents an introduction into these
kind of systems. First, some terminology relevant to this thesis is introduced in Section 1-1.
Then, the process of bringing train lines into operation is briefly covered in Section 1-2.
Typical dispatching actions are presented in Section 1-3, after which automation approaches
to compute dispatching actions are summarized in Section 1-4. Finally, in Section 1-5, the
project goals are defined.

1-1 Railway Terminology

Below, a short overview of terms related to railway networks are introduced. For passenger
transportation in the Netherlands, usually three types of services are differentiated:

Local service A train running a local service stops at all stations along its route.

Regional service A train running a regional service stops at less stations than a local train.
For example, a regional service connecting stations A and B makes less planned stops than a
train running a local service between stations A and B.

Master of Science Thesis Ate Conraad Kleijn



2 Introduction

Intercity service A train running an intercity service stops only at the major stations along
its route.

A network hosting various types of services as mentioned above, is said to be heterogeneous,
whereas networks hosting one type of service (like subway networks) are said to be homoge-
neous.

In the Netherlands, for each type of service different types of rolling stock is generally used.
Railway networks consist of a variety of track types, but in this thesis only the following are
considered:

Single track One track that can be used by trains travelling in both directions.

Double track Two tracks of which each track can only be used by trains travelling in one
direction.

Overtaking track Extra piece of track parallel to primary track on which slower trains can
wait to let faster trains pass.

These various types of tracks could merge or split at various points in the network, or they
cross either physically or by utilizing a flyover, such that crossing trains cannot hinder each
other. Stations usually consist of multiple platforms and, depending on the size of the station,
a complex routing infrastructure is presents around a station. Furthermore, the network traffic
is regulated through use of switches and traffic lights. In this thesis however, only junctions,
stations and the tracks connecting these points are modeled. The individual platforms at
stations are not considered. A station is merely seen as a node in the network, connecting
multiple tracks. In fact, the capacity at stations is assumed to be unlimited. This means that
a station can host an unlimited number of trains. For each train using a track, the following
three parameters are considered:

Running time The time a train spends to traverse a track.

Dwell time The time a train resides at a station to ensure a connection to another train
and to let passengers transfer.

Headway time The time between two subsequent trains on the same track needed to ensure
safety. Usually based on physical properties of a train, like acceleration and deceleration
limits.

The parameters mentioned above are those considered in obtaining the railway network model,

which is presented in Section 2-1.

During operation of the network, temporary adjustments may be made to the schedule due
planned maintenance, holidays or unforseen events, like rolling stock or infrastructure failure.
The last example, temporary adjustments due to unforseen events, forms the basis of the re-
scheduling procedure considered in this thesis and is covered in Section 1-3. However, to give
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1-2 Line planning 3

the interested reader an insight into the process of setting up train services, a short summary
is presented next. Otherwise, this part can be skipped and the reader is invited to continue
reading from Section 1-3 on.

The process of setting up a train service generally goes through the following three phases:

e Line planning
e Timetable design

e Resource allocation

Each of these phases will be treated separately next.

1-2 Line planning

In the process of line planning, decisions are made on what the starting and ending stations of
train lines are, routes of trains, where train lines connect and at which stations the line stops
[1]. This influences the choice of which type of service (and rolling stock) operates on a line.
Decisions made in this phase already affect the performance of a network in terms of sensitivity
to delays. Train lines connecting cities far apart decrease the number of transfers needed for
passengers travelling between those cities, but delays can spread far over space and time [2].
Literature on line planning problems have for example proposed methods for maximizing
passenger comfort, by maximizing the number of direct connections or by minimizing the
number of transfers. Passenger behaviour presents a big complication in line planning, since
this is hard to model.

1-2-1 Timetable design

The railway public transportation system in the Netherlands runs according to a predefined
timetable, i.e. each train has a predefined arrival and departure time at specific points, such
as stations, in the network. In the Dutch railway system this timetable repeats every hour,
i.e. at least once every hour a train runs on a specific train line. The timetable is designed
such that different train lines connect to each other, passengers have time to transfer to an-
other line, safety on the tracks is guaranteed and possibly some other specifications such as
deploying as many trains as possible on the tracks (while still respecting safety issues and
other constraints). The decisions made during line planning do not imply that a feasible
timetable can be constructed. Therefore, there are often several iterations between line plan-
ning and timetable design. Reliability is one of the predominant performance measures in
railway performance [1]. When aiming to design reliable timetables, robustness is an impor-
tant property. A robust timetable is capable of absorbing small delays due to unforeseen
circumstances, without the need of intervention by railway dispatchers [1]. A timetable can
have this absorbing property if it contains margins in running and dwell times [3]. These
margins are referred to as slack or buffer times. Trains which have acquired some small delay
can then still operate according to the timetable. More in-depth information and references
related to timetabling can be found in [2].
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4 Introduction

1-2-2 Resource allocation

This phase deals with rolling stock and crew schedules. Allocation of rolling stock is based
on quality of service, efficiency and robustness. Quality of service relates to the availability
of sufficient capacity to transport the expected number of passengers. Robustness in this
case relates to avoiding disturbing processes such as coupling and uncoupling of train units.
Railway planners aim for a balanced rolling stock distribution over the network [4], [5], which
means that at each station, enough and the correct type of rolling stock is present.

The problem of constructing a crew schedule consists of assigning crew members to a feasible
duty (sequence of tasks). Feasibility relates for example to duty length and the order of tasks.

At a train station, trains have to be assigned tracks and platforms. This process is constrained
by efficient passenger transfer, arrival and departure times as defined in the timetable, in-
frastructure (switches etc.), possible coupling or decoupling and safety aspects. Algorithms
to find optimal routings, usually employ dominance techniques, i.e. techniques to reduce
the problem size by only considering relevant sections of the railway infrastructure. More
in-depth information and references related to resource allocation can be found in [2].

1-3 Delays and Dispatching Actions

Malfunctioning rolling stock, malfunctioning infrastructure, bad weather conditions, large
alighting and boarding times of passengers, accidents, and so on, are all unforseen events that
disrupt the intended operation of a railway network and could result in large delays. A delayed
train might get into conflict with another train at a crossing or junction. This may happen
at several points, possibly far apart, and other trains may thus be indirectly influenced by
a disturbance due to interference with the ’originally’ delayed train. Delays resulting from
this interaction are referred to as secondary or knock-on delays. Secondary delays appear
because of the shared use of the same infrastructure, rolling stock connections, transfers in
crew schedules, passenger transfers, and so on. During disturbed operations, decisions may
have to be made on how trains should move, both in space and time, in order to regain the
intended operation is quickly as possible. Sometimes, the delays can be absorbed quickly
enough due to sufficient slack or buffer time in the schedule, and no actions are necessary. In
case of more severe disturbances re-scheduling of train movements is necessary. A number of
dispatching actions can be undertaken to reduce the negative effects of disturbances. This is
described next.

1-3-1 Dispatching actions aimed at reducing secondary delays

During disturbances, the predefined timetable may no longer be feasible and arrival and
departure times need to be re-scheduled. Re-scheduling results in a new, temporary timetable.
This timetable must respect safety constraints and is ideally optimal in the sense that it
keeps some cost to a minimum. This cost can be e.g. the number of delayed trains or the
total delay with respect to the predefined timetable. The schedule should converge to the
predefined timetable as quickly as possible. Timetables are designed such that some train
lines connect at certain stations to let passengers transfer from one line to the other. If one of

Ate Conraad Kleijn Master of Science Thesis



1-3 Delays and Dispatching Actions 5

the connecting trains is delayed it may be better to break the connection to prevent the delay
from propagating to other trains. The decision of whether or not a train should wait for a
delayed connecting train is referred to as delay management in literature [3], [6]. The goal of
delay management usually is to minimize some form of passenger delay, like e.g. the sum of
all passenger delays [6], or the average delay of a passenger [7]. Finding an algorithm to solve
the delay management problem in practical time is a big challenge, due to the complexity of
the decision problem [6], [8], [9].

In most literature on delay management, only wait-depart decisions are considered, whereas
[10] also considers priority decisions. More generally, one could consider all allowed dispatch-
ing actions, as usually performed by human dispatchers in practice. The following dispatching
actions may be taken [3]:

Changing stopping patterns If two trains are of the same rolling stock type and it is impos-
sible for the successive train to overtake the delayed train, stopping patterns may be switched.
A regional train then for example becomes an intercity train and vice versa. This happens
after passengers in both trains are informed, of course.

Inserting an on-time train A train is inserted at an intermediate station in the route of a
delayed train, according to the scheduled arrival time of the delayed train at that station.
When the delayed train reaches the intermediate station, this train is removed from the route.

Increasing residual capacity It may be necessary to decrease the capacity use of (a part of)
the network, since due to a delayed train some infrastructural constraints are no longer met.
Increasing capacity along a train line can be achieved through multiple actions. Canceling a
departure from a terminal will increase the capacity along the entire route of the train. A
down side of this is that this results dissatisfied passengers and a surplus of inventory at a
certain station along the line and a deficit of inventory at the end of the line, which may result
in the cancellation of a departure at the end station. Another measure is to cancel stops at
stations with minor passenger loads and few connecting lines.

Short-turn a train A train route is shortened by letting the train turn around before it has
arrived at its final station. This is referred to as short-turning a train. The short-turned train
is then removed from the track and cannot affect other trains any longer.

Changing train speed profiles In [11] a re-scheduling method based on altering train speed
profiles is used together with train re-ordering. The method relies on accurate monitoring of
train speeds and locations to predict possible conflicts. Updated train speeds are communi-
cated to train drivers in order to resolve those conflicts in real-time.

Changing dwell times Changing the dwell time at scheduled stops could compensate for
the acquired delay during a trip [12].
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6 Introduction

Rerouting Due to a closed section of a track, the train line is (partly) rerouted over a
different part of the network.

Swapping train order Suppose an intercity train is stuck behind a delayed regional train.
The intercity train may then overtake the regional train at a station with multiple platforms in
the same direction. In another case, a conflict may arise at a junction. Instead of maintaining
the order (as predefined in the timetable), the delayed train gives priority to the other train
such that this train is not hindered.

1-4 Automation Approaches

It is the task of a railway dispatcher to choose the appropriate action or a combination
of actions listed above (more may exist), while ensuring safety. The quality of the chosen
dispatching action for the disturbance in question grows with the experience of the dispatcher
[13]. However, while in this way feasible solutions are produced, they may be far from optimal.
Especially in dense networks with a high degree of synchronization, disturbances on one line
easily affect multiple lines and the effects can have a long duration. Therefore, dispatchers
would greatly benefit from automated systems which can propose and/or evaluate solutions
[13]. Such automated system is usually referred to as a Decision Support System or DSS. At
the Dutch railways the automatic route setting system ARI provides a support to dispatchers
[12]. In operations research there is a lot of focus on finding algorithms to optimally reschedule
trains in real-time. Optimal can mean minimal total passenger delay, minimal cost for the
railway company, a trade-off between the latter two etc. However, complexity is a major
issue and therefore these algorithms are mostly heuristic and present near-optimal solutions.
Most proposed methods can find suboptimal solutions in practical time only for small parts
of railway networks, like junctions [14], single lines [15] or parts of a network [11]. In [16] a
detailed overview of proposed models and algorithms is presented.

1-4-1 Summary of related work

The Decision Support System (DSS) presented in [17] was implemented in the Asturian re-
gional railway network in Spain in 1998. The rescheduling is done such that a minimal devi-
ation from the original timetable results and is based on heuristic methods. The rescheduling
problem is defined as optimally re-assigning train units within a predefined time interval to
carry out these affected services. The objective function which is to be maximized during
the optimization is based on the number of passengers, the expected delay a service suffers
and the priority of that service. The expected delay is based on historical data. The solution
results from searching a tree, in which each level in the tree corresponds to a service and each
branch represents a train unit able to carry out that service. To be able to solve the problem
in real-time, the algorithm first explores and reduces the solution space of the problem. This
is done by means of a depth-first search in which a solution is discarded (by pruning branches)
if that solution does not belong to the k best solutions. The system was implemented in 1998
in the Asturian regional railway network, serving as a DSS to train controllers. Based on
experience of the users, the system could come up with useful solutions within 5 minutes.
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1-4 Automation Approaches 7

The method proposed in [11] uses variation of train speed in its rescheduling scheme. The
objective of the rescheduling method is to minimise the maximum delay due to conflicts.
For the train speed profiles of all the trains in the network considered, potential conflicts
between trains are predicted and resolved. This is done in the Conflict Detection and Reso-
lution (CDR) phase of the algorithm, which uses an alternative graph [18] to model the train
scheduling problem. Three different CDR. algorithms are presented, being: simple dispatch-
ing rules simulating a human dispatcher, a greedy heuristic which in each step eliminates a
scheduling alternative resulting in the largest delay, and a branch-and-bound algorithm. The
found schedule is then fed to the train speed coordination part of the algorithm. In this part, a
minimum distance headway is ensured, while keeping acceptable train speed profiles. Accept-
able train speed profiles mean that the physical limitations like acceleration and deceleration
limits are respected. The CDR and train speed coordination are performed iteratively, until a
feasible solution is found. Computational tests based on the railway network around Schiphol
in the Netherlands were carried out. The method performed better compared to situations
where a human dispatcher made decisions.

ROMA (Railway traffic Optimization by Means of Alternative graphs) is a traffic management
system proposed in [12] which uses two separate algorithms iteratively for sequencing and
rerouting of trains in real time. First, infeasible routes due to blocking, caused by e.g.
a defective train blocking a single track, are rerouted to obtain feasible new routes. The
routing obtained in this step is referred to as the default routing. For the default routing a
conflict-free train sequence is computed. As in [11], an alternative graph formulation is used
to model the train scheduling problem. Two algorithms are tested for computing the new
train sequence. One being a branch & bound algorithm, the other simulates the ARI traffic
management system, as used by the Dutch railways. Then, for the computed sequence, a
local rerouting is computed to possibly further improve the solution. The rerouting is limited
to local modifications only, such as change of platforms within stations and is computed using
a local-search algorithm. The re-sequencing and rerouting are performed iteratively until no
better solution is found, or a time limit has been reached. In [19], a tabu-search algorithm
has been proposed to solve the rerouting problem in ROMA, yielding both improvement
in quality and computational time. Computational tests were carried out on practical size
instances referring to the Dutch dispatching area between Utrecht and Den Bosch. The
algorithm produces near-optimal solutions in short times. For example, after 20 seconds the
new version of ROMA produces solutions up to more than 15% better than the previous
version of ROMA does within 180 seconds.

In [20] the rescheduling problem is formulated as a Mixed Integer Linear Programming (MILP)
problem and is solved using CPLEX. An event based model is developed in which each event
is associated to a train requesting access to a segment. During rescheduling, the starting and
ending times of these events may be altered. To investigate solution quality versus computa-
tional time, four rescheduling strategies differing in timetable modification possibilities were
tested. Computational tests on a large part of the Swedish railway network with dense and
heterogeneous traffic were carried out to test the different strategies. However, since in some
cases the method could not find a solution fast enough for real-time applications, a method
was developed using a greedy algorithm which finds a solution in 30 seconds [21]. The model
was also extended to contain a more detailed description of stations which serve as junction
points for different lines. Only a single delayed train is considered

In [5] a rescheduling method based on the rolling stock inventory at stations is presented.
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During a perturbation in the schedule of a railway system, a rescheduling of trains (rolling
stock) may lead to a inefficient distribution of rolling stock over the stations, such that
expensive overnight re-allocation of trains is necessary. While railway dispatchers usually
come up with modifications of rolling stock circulation to work around a disturbance relatively
easy, they mostly end up with an off-balance (i.e. a deviation from a target inventory level
of a certain rolling stock type at a certain station), such that the original schedule cannot
immediately be re-established. The method presented in [5] aims at minimizing this off-
balance in rolling stock and is one of the pioneering papers using this approach. Together
with [4], the authors also explicitly model the shunting possibilities at the stations. Shunting
is defined as the action necessary to perform a composition change of a train. A composition
change refers to the coupling or uncoupling of train units. The main difference between
[4] and [5] is the method of solving the problem. In [4] an MILP problem is obtained and
solved using CPLEX, whereas [5] uses heuristic methods, employing experience of railroad
dispatchers. The fact the method in [4] is used by the Dutch railway operator NS (Nederlandse
Spoorwegen) since 2005 makes it an obvious candidate for comparison with the method in
[5].

Related work as basis for this thesis

In [22], a model predictive controller computing the most effective re-scheduling actions is
presented. This controller uses predictions of future departure and arrival times to determine
a control sequence leading to a minimum total delay of all trains, while taking into account
the cost of control actions. The control actions are restricted to only changing order of trains
running on the same track. The scheduled railway network is modelled within a max-plus
linear framework. They show that the control problem of allowing to change any number of
train orders on a track yields an MILP.

During disturbances, the order of train departures may be altered to prevent accumulation
of delays. Changing train order leads to a different model. Each train order results in
a different operational mode and during re-scheduling the system switches between these
modes. Each mode consists of a set of permutations. A permutation is an order swap of
two trains scheduled to run on the same track. A binary control variable is associated to
each possible permutation. The problem of finding the optimal set of integer event times and
binary control variables, subject to the operational constraints, can be written into a Mixed
Integer Linear Programming (MILP) problem. For this, the max-plus algebraic € is replaced
by a large negative number 3, such that the max-plus algebraic permutations can be rewritten
into a form in conventional algebra. This then results in a set of equations which is affine in
the control variables.

Through examples using fictive data, the authors show that the proposed method indeed
reduces delay significantly. They mention that the complexity of the MILP could be reduced
by limiting the decision variables to only the relevant ones, by employing a delay propagation
algorithm as proposed in [23].
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1-5 Problem description and project goals

When a train is delayed it may as a consequence interfere with other trains in the railway
network, which results in secondary delays. Changing the order of trains passing through
at junctions or stations can reduce these secondary delays. Since stations and junctions are
inherent to the basic infrastructure of a railway network and since regulating the order at
those points is easily implemented, this is the focus of the research. The order swaps must
be optimal, in that the total delay is minimized from a network point of view. Therefore, it
is necessary to know the impact of decisions on future events, since current can affect events
in the long run.

The controllable (i.e. allowing re-ordering of trains) railway network is represented using a
max-plus linear system. Such a system allows for a structured representation of the various
operational constraints of a railway network. Furthermore, analysis of a railway network can
be carried out efficiently using max-plus system theory.

Optimal re-orderings are computed within a model predictive control (MPC) framework. It
has already been shown that the problem of finding an optimal re-ordering of trains yields a
Mixed Integer Linear Programme (MILP) [22]. The application of MPC to railway networks
has not been carried out before. MPC is based on the principle of receding horizon control,
however, no receding horizon control algorithm for railway networks is available yet.

Challenges

The scheduled railway network is a time-varying discrete event system. The model used gives
all (expected) event times per cycle. A cycle is defined as the occurrence of all train runs as
contained in one period of the timetable. A train run is completed when the train in question
has arrived at the end-point of a track. At any time during one cycle, the system description
may change due to a disturbance. Then, the optimal event times and train order must be
re-computed, while respecting already occurred events and implemented decisions. This is
visualized in Figure 1-1.

Project goals

The main goal of this thesis is:

Design and implementation (in MATLAB) of a receding horizon algorithm which computes an
optimal future sequence of trains over some event horizon, such that in the event of primary
delays, the sum of all future delays is reduced to a minimum.

The main goal is divided into two more specific subgoals:

1. The maz-plus linear system reflects the operation according to a predefined timetable.
In the event of disturbances, this description is no longer valid and has to be updated
with estimated parameters (running and dwell times). The system description can thus
change within the same event horizon and the optimum has to be recomputed for every
change in parameters, while respecting past decisions and events. The model predictive
controller thus has to be able to compute new optimal events times and train orders
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1 Cycle

[ B

Past decisions

and events.

Figure 1-1: One cycle contains a set of past decisions and events and a set of future decisions
and events. The controller is allowed to only optimize over the set of future decisions and events.

using an updated system description. Therefore, develop a receding horizon algorithm
to deal with changes occurring both in the event and time domain.

2. Investigate the effect of employing a control horizon on computational times and quality
of solution. This control horizon is either defined over a fired number of events within
a variable time span or over a fixzed time span containing a variable number of events.

1-6 Thesis Outline
The following subjects are treated next:
Chapter 2: Modelling A structured railway network model based on max-plus algebra is

presented here.

Chapter 3: Control This chapter presents how order swaps can be implemented in the
model as presented in chapter 2. The model is structured further with respect to the
inputs and a prediction model is presented. A receding horizon control strategy is
defined for railway networks.

Chapter 4: Implementation The implementation of the receding horizon algorithm.

Chapter 5: Case Studies Case studies in which the receding horizon control algorithm is
tested on a virtual railway network.

Chapter 6: Conclusions and Recommendations Discussion of the results obtained in
chapter 5 and the main issues of receding horizon control of railway networks.
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Chapter 2

Modelling

In this chapter an algebraic model describing the operation of railway networks [22] is pre-
sented. The relevant aspects of railway network operation are covered in Section 2-1, result-
ing in operational constraints which are captured in a max-plus algebraic system description.
Max-plus algebra is introduced in Section 2-2. The max-plus algebraic model is introduced in
Section 2-3, of which Section 2-3-2 presents a structured nominal system description, which
is developed into a structured perturbed system description in Section 2-3-3.

2-1 Modelling Aspects

The previous chapter introduced the concept of minimizing train delays by changing the train
order at different tracks. The controller to be designed will thus be able to change the train
order at separate tracks. The endpoints of those tracks must give the possibility to change
the train order. This is the case at stations and junctions. Therefore, a track is defined as
the connection between two stations, two junctions or a station and a junction. A station is
seen as a node connecting multiple tracks, with unlimited capacity.

Two types of junctions are present in the network. One junction merges two or more separate
tracks into one (Figure 2-1) and at the other junction two tracks cross but do not merge
(Figure 2-2).

On each track, trains can perform several activities, viz.:

e Traversing a track: a running activity with an associated running time.

e Waiting at a station: a dwell activity with an associated dwell time.

A running time is the time needed for a train to traverse a track (see Figure 2-3). The du-
ration of a running activity differs for different types of trains. For example, the running
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. / e
/\junction

Figure 2-2: Junction at which tracks cross.

time of an intercity train will be smaller than that of a local train. A stop at a station is
characterized by a dwell activity.

train 1 train

o _m‘runmng time of train 1@29%3_ -

Figure 2-3: lllustration of a train run on a track.

For safety reasons, trains are not allowed to be too close to each other when sharing a track
(see Figure 2-5). This separation time is called the headway time. The time difference be-
tween train 2 entering track 2 in Figure 2-5 and train 1 entering track 2 must at least be this
headway time. Trains meeting at a junction as in Figure 2-1 are defined to be traveling in
the same direction, whereas trains meeting at junctions like the one in Figure 2-2 are said to
be traveling in opposite directions. However, since a junction is a point, a traveling direction
cannot be well defined. Therefore, this junction is modeled as a wvirtual track. This virtual
track is then given a running time equal to 0 minutes such that this track has the properties
of a point. This representation is visualized in Figure 2-4. In general, the departure and
arrival times of subsequent trains must be at least a headway time apart.

Each train has a departure and an arrival time for each track it visits. Moreover, each
train has a scheduled departure and arrival time which will be obeyed in the disturbance-
free case with a feasible timetable. Departures and arrivals are called events. These events
are allowed to occur only in a specific order. For example, a train cannot arrive before it
has departed and has traveled at least some time (running time) on a track. The minimum
headway time dictates that a departure event of a train cannot occur if the departure event
of the preceding train occurred less than a headway time earlier. Event occurrence thus
determines the operation of the network. Due to this event-driven nature, a railway network
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0 min. running time

/!

Figure 2-4: Trains crossing paths share a virtual track with 0 minutes running time.

trginl@ min. headway time (Erain@Z
oty Y === =
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track 1 track 2

Figure 2-5: lllustration of headway time between two subsequent trains.

can be modeled as a Discrete Event System (DES). A DES is a discrete-state, event-driven
system. Event-driven means that a discrete-state transition only happens in the occurrence
of an asynchronous discrete event over time [24]. For example, a computer program changes
from idle to busy (discrete state), when a user hits a button (discrete event). Modeling DES
can be done with e.g. automata and Petri nets [24]. Railway networks belong to a special
class of DES, viz. the class of DES’s with synchronization and no concurrency. Events are
synchronized as they are allowed to only occur as a consequence of other events. There is
no concurrency, since for a feasible operation (e.g. according to the timetable) there will
be no resource conflicts, i.e. there is one predefined order in which trains will use tracks
(resources). This type of DES can be algebraically described by maxz-plus algebra, which will
be the modeling formalism used in this thesis. Therefore, the next section is devoted to the
basics of max-plus algebra.

2-2 Max Plus Algebra

This section introduces max-plus algebra and its properties as found in [25], which are relevant
to this thesis. Basic concepts and definitions are introduced first, after which vector and
matrix operations are defined over max-plus algebra.

2-2-1 Basic concepts and definitions

Define e = —0o0 and e = 0, and define Ryx as the set RU{e}. Let a,b € Ryyax and define the
operations @ and ® by

a®b=max(a,b) and a®b=a+b. (2-1)

For any a € Ryax it holds that
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abe=cda=a (2-2)

aRe=e®a=c¢ (2-3

Max-plus algebraic multiplication (®) precedes over max-plus algebraic addition (@), as is
the case in conventional algebra. Some max-plus algebraic properties are listed below:

e Associativity:
VZ,y,2 € Rmax: 2@ (y®2) =(zDy) @ 2
Ve,y,2 € Rpax : 2@ (y®2)=(2Qy)®2

o Commutativity:
VZ,y€ERpax : 2 @y=yDrandz@y=yQz

e Distributivity of ® over ®:
Ve,y,2 € Rpax: 2@ (y®2)=(2Qy) ® (z® 2)

e Idem-potency of ®:
Ve €E Rpax: TP x =2

2-2-2 Vectors and matrices

The elements of an n x m matrix A are defined over the set R.X7" and are denoted by

aij=[Al; ,1<i<n, 1<j<m. (2-4)

Matrix addition of A € R?X" and B € R\ denoted by A @ B, is defined through

max max ?

[A® Blij = aij ® bjj (2-5)
= max(a;j, b;j).

Scalar multiplication of & € Ryax and A € R™"X™ is defined by

max

[a ® A]Z] = a® a;. (2_6)

The matrix product for matrices A € R?X! and B € RIX™ is defined through

max max

l
[A® Bliy, = @ aij @ bjg (2-7)
j=1

= 1§?§l(alj + bjk)-
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Matrix multiplication is not commutative:

A®B+#B® A (2-8)

Define the element-wise max-plus algebraic multiplication of two equally sized matrices A €
RX™ and B € R X" through:

max max

[A® Blij = aij @ bij = aij + bij (2-9)

Let £(n,m) be the n x m matrix with all elements equal to ¢, then the following holds for all
n X m matrices A:

AdEMn,m)=EMn,m) A=A (2-10)
A®EMm,k)=E(n,k) and E(k,n)® A=E(k,m). (2-11)
Define the square matrix F as
B, = e fori=j (2-12)
] & otherwise.

nXxXn.
max *

then the following holds for square matrices A € R

ARE=FE® A= A. (2-13)

Note that matrix F is the max-plus algebraic identity matrix and £ represents the max-plus
algebraic zero matrix.

The next section presents a max-plus algebraic model for railway networks, based on the
theory presented above.

2-3 Railway Network System Description

As introduced in Section 2-1, the railway network operates according to various constraints,
like minimum headway time and running time constraints. This section will present a max-
plus model which can be used to calculate all departure and arrival times of all trains in the
network, subject to those constraints. First, all relevant operational constraints are formalized
algebraically in Section 2-3-1 yielding a max-plus system description. Section 2-3-2 structures
this system description for the nominal case (i.e. disturbance-free) and Section 2-3-3 provides
a notation for the system description in the perturbed case.
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2-3-1 Max-Plus System Description

As introduced in Chapter 1, the railway network operates according to a periodic timetable.
Events are thus scheduled to repeat every T minutes. Let k denote a cycle counter, such
that if all events have occurred for the k — th time, cycle k is complete. Each train has train
runs associated to the individual tracks in the network. Each train run 7 is characterized by
a departure and an arrival event. A train run ¢ is from now on referred to as simply by train
1, such that we can speak of "the departure of train i" and "the arrival of train i". Trains ¢
and j in the model may therefore be associated to the same physical train!

The k-th departure time of train ¢ is denoted by d;(k) and the k-th arrival time of train i is
denoted by a;(k). The following four operational constraints apply to d;(k) and a;(k).

Timetable constraints FEach train is scheduled to depart and arrive at predetermined times,
as provided by the timetable:

ai(k) > ri(k) (2-14)
a;i(k) = ri(k), (2-15)
where 7¢(k) and 7¢(k) denote the scheduled departure and arrival time of train i, respectively.

Running constraints The arrival time of train ¢ depends on its departure time from the
previous track and the running time on that track.

a;(k) > 0;"" + d;(k), (2-16)
where 0;"" denotes the running time of the train associated to train 4.

Dwell constraints The departure time of train ¢ depends on its arrival time at a station or
junction and the dwell time at that station or junction:

di(k) > 057" + aj(k — pij), (2-17)

where p;; = 0 for events from the same cycle or p;; = 1 if the arrival event is from the
previous cycle. Note that events ¢ and j are related to the same train, of which the dwell
time is given by 9%‘”6“
they link the movement of a train to different event numbers.

. Dwell constraints are therefore also called continuity constraints, as

Headway constraints Trains have to be separated by a headway time 7 when traveling in
equal direction. Suppose that train j precedes train ¢, then

di(k) = ¢ + dj(k — pij) (2-18)
ai(k) = 75 + aj(k — i), (2-19)
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where p1;; = 0 for events from the same cycle or p;; = 1 if d; or a; is from the previous cycle.
Trains ¢ and j are different physical trains!
When traveling in opposite directions (when meeting at a junction as in Figure 2-2):

dl(/{?) > Tw + a]‘(/{? - Mij) (2—20)

where p;; = 0 for events from the same cycle or p;; = 1 if the arrival event is from the
previous cycle. Trains ¢ and j use a virtual track. Again, trains ¢ and j are different physical
trains! Headway relations separate the occurrence of two events, associated to two different
trains, in time and thus represent the order of trains.

Suppose that n is the total number of train runs and 1 < ¢ < n. The departure time of
train 4 then follows from:

di(k) = m?X(Tg(k?), O+ ap(k — o), ¢ + ag(k — prie), T + do(k — i) (2-21)

The arrival time of train ¢ follows from:

ai(k) = max(ri(k), 0;"" + di(k), 7 + ae(k — pir))- (2-22)

Suppose that z;(k) denotes an event time, which can either be a departure or an arrival, then
this time is given by Eq. (2-23).

xl(k‘) = mjax(ri(k:), ngn + xz(kz), 9%‘”611 + ,17](]{3 — Mij)a Tr+ x](kz — Mij), Th + xj(k‘ — Nij)), (2—23)
where 1 < 5 < 2n as there are n departure and n arrival events.
Denote an activity time, like a running or dwell time, from event j to 4 in one cycle k (p;; = 0)
by a;; and an activity time from event j in cycle k — 1 to event i in cycle k (p;; = 1) by b;;
and by using Eq. (2-1) and Eq. (2-7), then Eq. (2-23) becomes:

n n
wi(k) = (Pay @ z(k)) © (Dbiy @ z;(k — 1)) @ ri(k), (2-24)
j=1 J=1
If there is an activity from event j to ¢ and they are in the same cycle k, then a;; will have a

non-¢ value. If they are not in the same cycle, b;; is non-e.

When z(k) € R7X! is a vector of all event times (departures and arrivals), a;; and b;; are

matrix entries of respectively A € R%X™ and B € R2X™ and r(k) € RmX! is a vector with

scheduled event times. By applying Eq. (2-5) and Eq. (2-7), Eq. (2-24) becomes:

zi(k) = [A@z(k)i ® [B®a(k - 1)]; ®ri(k) (2-25)

For the vector z(k) then holds:
zk)=A@z(k)® Bk —1)®rk) (2-26)
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2-3-2 Nominal System Description

The previous section presented a max-plus system description for a railway network. This
section aims at providing a structuring in this system description by partitioning the state
vector z(k) and grouping the system matrices A and B with respect to the various activity
times. This provides a convenient notation for analysis and implementation. The partitioning
of the system is chosen such that departure and arrival times are grouped in the event time
vector z(k) as shown in Eq. (2-27), where d(k) and a(k) denote the departure and arrival
times of trains in cycle k, respectively. The vector containing schedule times is partitioned
likewise (Eq. (2-27)), with r¢(k) and r%(k) denoting scheduled departure and arrival times
for cycle k, respectively. The same partitioning holds for z(k — 1).

7,,d
2(k) = [ o ] L (k) = [ g ] (2-27)

The matrices are divided in four blocks, each representing a different type of constraint
(as presented in Section 2-3-1) related to departures and arrivals. Eq. (2-28) shows this
partitioning.

(2-28)

Ar| A @ Ag
A=
[A4\ A

By | By @ Bs
B =
’ [34\ B,

In Eq. (2-28), matrices A; and B contain headway times for trains traveling in the same
direction, whereas matrices Ay and By contain headway times for trains traveling in opposite
directions. The former headway times are denoted by 7; and the latter by 7,,. The entries of
matrices Ay, Bi, Ay and By are defined as:

T if event j precedes event ¢

Al — f 2-2

[A1i { € otherwise (2-29)
)Ty if event j from k — 1 precedes event i from k
[B1liy { € otherwise (2-30)
) Tw if event j precedes event ¢ in opposite direction
[Aalis = { € otherwise (2-31)
B)i; = Tw if event j from k — 1 precedes event ¢ from k in opposite direction
2070 ¢ otherwise

(2-32)

The dwell times are contained in matrices Az and Bs3. The entries of matrices Az and Bs are
given in Eq. (2-35) and Eq. (2-34). Matrices A4 and By contain the running times. However,
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since the convention is followed that a train departing in cycle k also has its arrival time
defined in cycle k (see Section 2-3-1), all entries of matrix By are equal to €. Throughout
this thesis, B4 will therefore be denoted by £. Let the vector containing all running times
be denoted by ©™" and the vector of all dwell times by ©9%ell. These vectors are stacked to
obtain the parameter vector O, as shown in Eq. (2-33).

@run
o= @dwell (2_33)

Let (i) denote the index in @4 of the dwell time related to train 4. The entries of matrices
Bs and Aj are given as:

Byli; = { @?{‘("SH if train.j from cycle k — 1 proceeds as train ¢ in cycle k (2-34)
€ otherwise,
and
[Asly = { @38?&1”) if train. J proceeds as train ¢ in the same cycle (2-35)
€ otherwise.
Matrix Ay is a diagonal matrix with on its diagonal the running times:
em e ... ¢
run
A= ¢ @2 (2-36)
: . €
€ ... e o
where n is the number of trains in one cycle.
Since matrices Az, A4 and B3 depend on ©, Eq. (2-28) is rewritten into
Ay ‘ Ay D Ag(@) By ‘ By @ Bg(@)
A = 5 B = . 2—37
Ay(O) | Ay By | By (2-37)

Recall that the railway network model contains only those points where order swaps can
occur, viz. stations and junctions, and that it consists of tracks connecting those points. Let
y(k) denote x(k) ordered with respect to individual tracks and let T € RIVX™, such that

TT @ T = E, denote the transformation matrix needed to obtain z(k) from y(k), which is
given in formula by:

w(k)=Toyk) =T® ) , (2-38)
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where zP denotes all event times associated to track p, for 1 < p < nq.
Inserting Eq. (2-38) into Eq. (2-26) yields:

yk) =TT 2 ATeyk) e TT @ BT @ y(k — 1) ©ry(k)
=Goyk oHylk-1) @ s(k) (2-39)

Like matrices A and B in Eq. (2-28), matrices G and H can be partitioned likewise:

Gq ‘ GQ@Gg(@) H, ‘ HQ@H3(@)
G= , H= 2-40
[ G4(0) ‘ G E ‘ H, ( )
Let the transformation matrix 7" also be partitioned as
| T | T3 r_ | T T
T= [ T 1 , and T = l vt (2-41)

then the track-ordered headway matrices G1, G2, H1 and Hs are obtained through Eq. (2-42)
and Eq. (2-43).

Gt ¢ .- € Gy & - &
2 - : 5 - :
Gy = g i =T @A ®T1, Go= g @ =T ® Ay ®T;
E . & GM E . & G
(2-42)
H ¢ £ HY ¢ £
2 - : 2
Hy = 5 Hi - =T/ @B@T, Hy= g H = T ®By®T3
T : . )
E - & HM E - & Hy
(2-43)

2-3-3 Perturbed System Description

The system description presented in Eq. (2-39) reflects nominal operation and (for a feasible
timetable) y(k) will be equal to s(k). It is furthermore assumed that y(k — 1) is fully known.
During operation, however, not all parameters are known beforehand. For example, the
running time of a train will not be known until its arrival. This running time will be nominal
in a disturbance-free case, but will deviate (i.e. will be bigger) in a disturbed case. Therefore,
the parameter set © may differ from cycle to cycle and an appropriate notation will thus be
©(k). Eq. (2-39) can then be written as

y(k) = G(O(k)) @ y(k) & H(O(K)) ® y(k — 1) & s(k) (2-44)
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As at a certain point in time, part of ©(k) is known and the remainder will be an estimation
of the actual parameter values. Therefore, ©(k) may also change with time and at a certain
time instant, a prediction of ©(k) is available and an appropriate notation would be ©(k | t).
Eq. (2-44) then becomes:

y(k [ 1) =GOk 1) @y(k [ t)® HOK | 1)) @y(k —1) @ s(k) (2-45)

State vector y(k) then also contains predicted event times susceptible to change over time,
hence the notation y(k | t). Vector y(k — 1) was assumed to be fully known and therefore
does not change in time whilst the system is in cycle k. Note that even though y(k — 1) is
known, dwell activities relating events from k& — 1 to k can still be perturbed.

Eq. (2-28) then becomes:

G(O(k | 1) = l G4(@Cf,1€ ) } G @G‘g?(k [£) ] (2-46)
H(O(k | 1) = l = } o @Hﬁ?(k %) ] (2:47)

2-4 Conclusions

In this chapter, a max-plus linear model of a railway network was presented. This model is
structured with respect to the headway, running and dwell times. The running and dwell
times are stacked in the parameter vector O(k | t). Since this parameter vector is susceptible
to perturbations, part of this vector is known and the remainder is estimated. The next
chapter presents a controllable system description, in which the headway time matrices can
be manipulated by a control variable.
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Chapter 3

Control

This chapter presents how order swaps are implemented [22] into the max-plus system de-
scription presented in the previous chapter. First, an example is presented to get insight
into how order swaps are implemented. Then, the structured perturbed max-plus model is
extended to also be structured in the input vector in Section 3-2. This model is used as basis
for a prediction model, which is developed in Section 3-3. Section 3-4 presents the MILP
formulation [22] of finding the optimal inputs and event times. The receding horizon control
framework as used for the control of railway networks is presented in Section 3-5.

3-1 Order Swap Example

As mentioned in Section 2-3-1, headway relations represent the order of trains. This section
shows an example in which the headway relations between two trains is modified to implement
an order swap. Consider the simple network consisting of three stations A, B and C connected
by two tracks, as depicted in Figure 3-1.

— —
train 2 train 1
O —@ O
track 1 track 2
A B C

Figure 3-1: Example network in which train 1 acquires a delay at station B.

Suppose that during each cycle, two train lines operate on the network. Line 1 has planned
stops at all three stations, whereas line 2 only stops at stations A and C. Train a operates
on line 1 and train b operates on line 2. Assume that at each station there is the possibility
for trains to overtake each other. Furthermore assume that all events of the previous cycle
have occurred and were punctual (i.e. all trains were on time). In other words, y(k — 1) is
fully known and equal to s(k — 1). Suppose that train a precedes train b on both tracks in
the nominal case, but that due to a disturbance the departure of train a from station B is
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delayed. If no action would be taken, train b would have to wait for train a to leave station B
and would as a result also be delayed. The departure of train b should thus be given priority
above that of train a. For this example it is sufficient to only consider the departure events
and matrix Gy, since G; also relates the arrival events and there are no trains running in
opposite directions (Go = £). Since two trains are using two tracks, there is a total of 4 train
runs (with 4 departures and 4 arrivals) each cycle. Recall that a train run i is referred to as
a train 7. Define the vector d(k) as follows:

dy (k) departure of train 1 from track 1

d(k) = dz(k) | _ | departure of train 2 from track 1 (3-1)
ds (k) departure of train 3 from track 2 ’ |
dy (k) departure of train 4 from track 2

where trains 1 and 3 are associated to train ¢ and trains 2 and 4 are associated to train b.
The departure events are related through G; as follows:

Gl ¢

d(k) =G1® d(k) = l £ G%

] ® d(k). (3-2)

Matrices G1 and G? are given by:

G}:lg 8], G%:lg 5]. (3-3)

Tfe Tf€

The departure order of train 1 and train 2 from track 2 needs to be swapped. This can be
achieved by swapping entries [G3]21 and [G%]12. In that way, the departure time of train 2
from track 2 now follows from the departure time of train 1 from track 2: d3(k) = da(k) @ 7¢.
Matrix G2 thus becomes:

2 € Tf
4| 7] o
In general, the procedure of swapping orders between events ¢ and j is as follows. Suppose that
in the nominal case, event j from cycle k precedes event i from cycle k, such that [G1];; = 7¢
and [G1]j; = e (for the same direction) or [G2];; = 7, and [G3];; = ¢ (for opposite directions).
Then, an order swap is implemented by setting [G1];; = € and [G1]j; = 7¢ or [Ga];; = € and
[G2]ji = Tw. If event j belongs to cycle kK — 1 and i to cycle k, the swap is applied to Hy or
Ho.

3-2 Controlled System Description

In the previous section, it was demonstrated that order swaps are realized through manip-
ulation of the headway matrices. More specifically, by swapping entries of the track-order
matrices G1, G, Hy and Hsy. This section will present the mathematical formulation for
realizing order swaps, in stead of doing this by inspection as was done in the example of the
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previous section.
First, the matrices G1, G2, H1 and Hy are split as follows:

GY =MP®DP o1y (3-5)
Gh=MP © DP o 1y (3-6)
HY =NP©DP o1y (3-7)
HY = NP © DP & 1. (3-8)

Matrix MP defines event orders on track p, matrices DP and DP are direction matrices for
track p and matrix NP defines event orders on track p for two events from cycle k£ — 1 and k.
Define the very large negative number 8 << 0. The entries of matrices MP, NP, DP and DP
are given by Eq. (3-9) - Eq. (3-12).

0 if event j precedes event ¢ on track p

[MPlij = { 154 otherwise (3-9)

(N?),; = { 0 if event j from cycle & — 1 precedes event ¢ from cycle k£ on track p
ij =

154 otherwise
(3-10)
(DP],; = 0 for trains traveling in equal direction on track p (3-11)
Y B for trains traveling in opposite direction on track p
~p 0 for trains traveling in opposite direction on track p
[DP);; = . .o o (3-12)
154 for trains traveling in equal direction on track p

Order swaps on track p can now be implemented by manipulating the entries of MP, without
having to take the direction and the associated different headway time (7; or 7,) into con-
sideration.

Define uh, € {0,1}", with n, = n,(n, —1)/2, where n, equals the number of trains on track
p during one cycle, then in cycle k for each track matrix MP can be manipulated through use
of Eq. (3-13). This permutation of matrix MP is referred to as mode switching, as for each
choice of uh, the system description changes or switches to another operational mode. The
introduction of S to represent € in the controlled system description ensures that the notation
using multiplication from conventional algebra, as used in Eq. (3-13), is correct.

"p("p_l)/Q
MP(uhy(R)) = M§© Y M- [uh (k) (3-13)
=1
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where matrix M represents order matrix MP in the nominal case, matrix M, represents a
permutation option and the binary variable [uh,(k)]; is the input associated to that specific
permutation. The input [u},(k)]; thus activates the permutation M} .

In the same way, order swaps between events from subsequent cycles can be implemented by
permutation of matrix NP:

np(np—1)/2
NP(u (k) =Ng© > N/ -[ul (k)] (3-14)
=1

where matrix N} represents order matrix N” in the nominal case, matrix Nlp represents a
permutation option and the binary variable [uf;(k)]; is the input associated to that specific
permutation.

Suppose that mode [ is associated to events ¢ and j, where j precedes ¢ on track p in the
nominal case, then the entries of Mlp and Nlp are defined as

15} forg=iandr =7
[M[]gr =4 —B forg=jandr=i (3-15)
0 otherwise,
and
154 forg=idiand r =j
[NPlgr =14 -8 forg=jandr =1 (3-16)
0 otherwise.

In the permutable system description, matrices G and G2 depend on wuys(k), where ups(k) =
[ul; (k) w3, (k) ---ulyt(k)]T. Eq. (2-46) can thus be rewritten into

Gi(un (k) Glun(k)) @ G3(O(k | 1)) ] (3-17)

G(um(k),©(k | 1) = l G4(O(k | 1)) Gr(um(k))

Matrices H; and Hs depend on uy(k), where uy (k) = [ul (k) ud (k) ---u’3(k)]T. Equation
2-47 can thus be rewritten into

(3-18)

H(un(k—1),0(k | t)) = [ Hl(uN](gk - 1) Hz(uN(Zl—(JJ)V)(?ffig?(k | 1)) ] .

where B is a matrix with its entries equal to 8. When swapping orders of trains it may occur
that an event needs to be scheduled after an event scheduled to occur in the next cycle (i.e.
cycle k 4+ 1). Therefore, in the controlled case, y(k) may also depend on y(k + 1). First,
Eq. (2-45) is augmented with the term I(k) ® y(k + 1 | ¢):

yk|t)=GOE | t)@yk|t)o HOE | t) @yk—1) @ I(k)@yk+1]|t) EBs(k:(). |
3-19
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In the nominal case, I(k) = £. Like matrices G(©(k | t)) and H(O(k | t)), matrix I(k) is
partitioned as follows:

I((k)) = l hik) La(k) ] : (3-20)

B (k)
where
) Ty if event j precedes event ¢ )
(k)i = { B otherwise (3-21)
and
L))y = { ;w :)f'tfl\e/ii;‘cisje precedes event ¢ in opposite direction (3-22)
The entries of matrices 17 and I5 follow from:
I'=0"®DP oy (3-23)
1§ = OP © DP ® 7, (3-24)

where the entries of OP is defined as:

07),; = { 0 if event j from cycle k 4 1 precedes event ¢ from cycle k£ on track p
iy =

154 otherwise
(3-25)

Define up, € {0,1}™, with n, = ny(n, —1)/2, where n, equals the number of trains on track
p during one cycle, then in cycle k for each track matrix OP can be manipulated through

np(np—1)/2
OP(ugy(k) = Opo® > OF - [up (k)] (3-26)
=1

where Of represents order matrix OP in the nominal case, Of’ represents a permutation option
and [uf,(k)]; is the input associated to that specific permutation.

Suppose that mode [ is associated to events ¢ and j, where j precedes ¢ on track p in the
nominal case, then the entries of Of are defined as

I3 forg=idiand r =j
[Oflyr=q -8 forgq=jandr=i (3-27)
0 otherwise.
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Matrix I(k) thus depends on up(k), therefore we will use the notation I(up(k)) and Eq. (3-20)
becomes:

I(uo(k)) = ““g““” ﬁgzgggg : (3-28)

Eq. (3-19) is rewritten into:

y(k[t) =GOk |[t)@yk|t)® HOK ) @y(k-1)
@ I(uo(k)) @ y(k+1|1t)® s(k). (3-29)

When new measurements become available for events in cycle k at time ¢, the earlier computed
input sequence may not be optimal any longer and needs to be recomputed. Therefore,
the input vectors may also change within one cycle at various time instants and Eq. (3-29)
becomes:

y(k|t) = Glum(k,t),0k | t) @yk | t)® H(un(k —1,t),0(k | t) @ y(k — 1)
® I(uo(k,t)) @y(k+1]t) ® s(k). (3-30)

The next section extends Eq. (3-30) over an horizon of future cycles, such that consequences
for future cycles of actions taken now can be assessed during the current cycle.

3-3 Prediction Model

This section presents a description of the prediction model based on the model description
of Section 3-2. This prediction model predicts event times for cycles £ to k + Np, where N,
denotes the prediction horizon. The event times for each cycle within the prediction horizon
are given by Equation 3-31.

yk+71t)=Glupmk+4,t),0k+j]t)@yk+7]t) @...
Hunk+75—-1,t),0k+j|t)0yk+j—-1) &...
IHuo(k+j,t)@yk+7+1]t)®s(k+7) (3-31)
forj=0,...,N,

Define g(k | t) as the vector containing event times over the prediction horizon as predicted
in cycle k at time instant ¢. Its structure is given in Equation 3-32, where 5(k) is represented
likewise. The same is done for the input and parameter vector, yielding (k,t) and ©(k | t)
respectively. Their structure is shown in Equation 3-33
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dk[t) ] [ sa(k) ]
dk+111t) sa(k+1)
3 | dk+ }vp [6) | [ dk|t) S(k) = sa(k '+ Ny) | [ Ba(k) _
otk 1) = | = |G| = | = ] e
alk+1]t) Sq(k+1)
[ a(k+ N, 1) | [ salk+ N,) |
I U]p[(k,t) ]
U]\/[(k +1, t)
: T ekt ]
U]V[(k + Np,t) @run(k +1 | t)
g i (k. 1) 5 :
i B un(k+1,t | Ay X | emE N, ) | |9kt
u(k,t) = = |: gN((Z,;; ] s @(k | t) - @dwell(k | t) - (:)dwe“(k | t) ‘|
un(k+ N, —1,1) o Otel(k 411 ¢)
uo(k,t)
uo(k+1,t) L Ok + N,y [ 1) ]
uo(k + Np,t)
(3-33)
The system generating §(k | t), using Equation 3-33 is given by:
gk |t) =G(u(k,1),0(k | 1)) @4k | t) ® H(un(k —1),0(k | 1)) @ y(k — 1) ® 3(k) (3-34)
with
_ ~ Gk, ) | Galalk, 1) @ Gs(O(k | 1) _
G(u(k,t),0(k | ) = Ga(O(k | 1) ‘ G (alk.) (3-35)
and
s [ Ha(un (k= 1) | Ho(un(k—1)) & Ha(O(k | 1))
H(un(k—1),0(k | 1)) = 5 ‘ s am (k= 1)) ] (3-36)
(3-37)
where
Gy = MP(aF (k) © DP © 74 (3-38)
GY = MP(@P (k) @ DP © 7. (3-39)

The entries of matrices MP, DP and DP are defined as those of MP, DP and DP (Eq. (3-9),
Eq. (3-11) and Eq. (3-12), respectively).
Matrix MP(,(k)) depends on u,(k) in the following way:
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fip(fip—1)/2
MP@@P (k) = Mio > Ml (k)] (3-40)
i=1

where M5 represents the nominal situation on track p during the prediction horizon, [a(k)];
is the binary control variable associated to permutation option MY on track p, and 7, is the
number of trains using track p during the prediction horizon.

Matrices Hi(un(k — 1)) and Hao(un(k — 1)) are defined as

Hl(uN(k — 1)) HQ(UN(k — 1))
Hi(un (k- 1)) = ; . Halun(k—1) = ; (3-41)
B B

and H3(O(k | t)) is defined through:

H3(O(k | 1))

~ B
H3(O(k [ 1)) = : : (3-42)

B
Matrices Gy (i(k,t)), Go(@(k,t)), G3(O(k | t)) and G4(O(k | t)) are defined in Equations
3-44 - 3-47, where the arguments k and ¢ are left out for presentational reasons only. Note
from Eq. (3-44) that matrices I;(un(k)) and Hi(un(k)) are coupled through uy, since a
permutation of Ij(un(k)) relating y(k) to y(k + 1) in cycle k, will define permutations to
Hi(un(k)) in cycle k 4+ 1. This implies that for the prediction model it does not make sense
to differ between uy (k) and up(k — 1). The same holds for Is and Hj,. Therefore, Equations

3-44 - 3-47 do not contain up and the vector @(k,t) is redefined in Equation 3-43.

Matrix I;(un(Np)) is not included in the expression for y(k + Np) in Equation 3-44, since
y(k + Ny, + 1) falls outside the prediction horizon. The same holds for I5.

UM(k + 1’ t)

ik, t) = uM(fN_;gp’t) _ l ap(k,t) ‘| (3-43)
U,N(k + 1,t)

| uN(k+Np—1,t) ]
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[ Gi(um(0))
Hi(un(0))
Gi(u(k)) =
G2(unm(0))
Ha(un(0))
Ga(u(k)) =
[ G3(0(0))
H3(0(0))
Gs(O(k))
Ga(6(k)) =

Li(un(0))
G1(unm(1))

I2(un(0))
Ga(um(1))

G3(0(1))

B

Li(un(1))

H (uw (v, - 2))

I>(un(1))

Ho(un (v, —2))

H3(O(Np — 1))
B

3-4 Solving the Control Problem

)
)

Gi(unm (N, -1
Hi(un(Np —1

— —

G3(O(N, — 1))
Hs(O(Ny))

B
Ii(un(Np — 1))
G1(um(Np))

B
Ir(un(Np — 1))
Ga(un (Np))

B
G3(O(Np)) |

B
G4(O(Np)) |

(3-44)

(3-45)

(3-46)

(3-47)

This section presents a linear programming formulation to solve the problem of finding optimal
the optimal input and state vector. It has been shown in [22] that this problem yields a Mized
Integer Linear Programming problem. The optimization has to minimize some cost function
J(k), through the optimizers g(k | t) and a(k,t):

Master of Science Thesis

min
g(klt),a(k,t)

J(k)

(3-48)
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Objective function As the objective is to minimize the total delay over the whole prediction
horizon, an obvious candidate cost function is:

J(k) =y (a(k | 1) = 5(k)), (3-49)

where c;‘f is a vector containing constant weights. Since the constant term —cgé(kz) does not

affect the position of the optimum, it can be discarded from the cost function:

J(k) = cy (k| t), (3-50)

<

When changing train order, it may occur that the non-prioritized train has to decelerate (to
a full stop) and accelerate again. The time needed for this action contributes to the delay.
Therefore, an order swap is also penalized in the optimization, albeit with a weight much
smaller than given to the state vector. The cost function then becomes:

J(k)

cvgi(k | t) + cpa(k, t). (3-51)

Constraints Eq. (3-34) can be written as (through applying Eq. (2-5) and Eq. (2-7)):

gl(k ‘ t) - max(gi(k)7m?x(gj(k ‘ t) + [g(ﬂ(k,t), (:)(k ’ t))]ij)v
max(yn(k — 1) + [Hlux (b= 1,60 | 0)]a)), (352

which can be rewritten into (where (- | t) and (-,¢) are left out of the arguments for presen-
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tational reasons only)

1i(k) > 54(k) (3-53a)
as(k) > 5°(k) (3-53b)
Li(k) > a;(k) + [G3(O(k)i; Vi (3-53c)
ai(k) > d;j(k) + [Ga(O())]y;  Vj (3-53d)
Li(k) > an(k — 1) + [Hz(O(K)lin  Vh (3-53e)
5L(k) = dj(k) + 77 + [Dlij + Mol + S My - [ ) (3-53¢)
]
&) = di(0) + 7+ Dy + Mol + YoMy - (@) Vi (3-53%)
1
(k) > (k) + 7 + [Dlyy + [Maly; + > (Ml - (k) ¥ (3-53h)
1
di(k) > dp(k — 1) + 74 + [Dl]in + [Nolin + ZN [NiJin - [un (k= 1)), Vh (3-53i)
I
di(k) > dp(k — 1) + 7 + [D]in + [Nolin + iv[Nl]ih Jun(k =1 VA (3-53j)
]
dz(/{?) > ah(k - 1) + Tf + [D]Zh + [No]l'h + iV[Nl]ih . [uN(k - 1)]1 Vh, (3—531()
]
where h = 1,2,...,n, i = 1,2,...,n and j = 1,2,...,n are the train numbers, ng is the

number of permutations associated to matrix M and n,, is the number of permutations
associated to matrix N. These constraints are linear in d(k | t) and a(k | t), and therefore in
g(k | t), as well as in a(k,t). Eq. (3-53) can thus be written in the form:

AC[

The linear objective function (Eq. (3-51)) subject to the linear constraints, with continuous
values for g(k | t) and binary values for a(k,t), yields a Mixed Integer Linear Programme
(MILP).

S

3-5 Receding Horizon Control

In conventional receding horizon control, an optimal sequence of future inputs is computed,
of which the first input is implemented in the real system. Then, the prediction horizon shifts
ahead one sample and the process restarts. Figure 3-2 illustrates this process.

At time step [ some objective function J is minimized subject to constraints, by optimizing
a future control sequence {u(l | I,...,u(l + N.— 1 |1)}. At this time step [ only u(l | 1) is
applied to the process under control. At the next time step (I + 1), the horizon shifts ahead
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Figure 3-2: The principle of receding horizon control.

one sample and the optimization is repeated.

In Section 3-3 the prediction horizon was defined to be an integer number of cycles. During
each cycle k new measurements become available at various time steps, which can either be
actual event times, or estimated parameter values. During one cycle multiple optimizations
are thus carried out using this updated information, yielding new optimal states and inputs
for cycles k to k + Np.

3-5-1 Event time constraints

Consider the situation in Figure 3-3. The graphs show the number of pending events in the
prediction horizon plotted against time. The upper graph shows when the system is in cycle
k and predicts event times up to and including cycle k4 1 (as indicated by the dashed area).
All events of cycle k — 1 are known. Assume that cycle k will not be perturbed, such that
no control is needed. As time progresses, more state information becomes available and the
number of pending events thus decreases. At the point to, this number increases, since then
all event times of cycle k are known and the horizon shifts ahead one cycle to &' = k+ 1 and
includes k' + 1 = k + 2, which is depicted in the middle graph. This is consistent with the
assumption that all event times of the initial cycle k — 1 are known, as cycle k of which all
event times are known now becomes k' — 1.

Now consider the lower graph of Figure 3-3. Suppose that a disturbance occurs in cycle &’
at time t*. Since the actual operation of the network will deviate from the desired operation,
the optimization is started. However, the optimization must be restricted, as event times for
which holds that to < g(k,t) < t* are not allowed to be changed. Denote by fized event times
the event times which are not allowed to be varied in the optimization. All the other event
times are called variable event times. The value g;(k | t) is an estimate resulting from an
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Nominal:
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Figure 3-3: During disturbances events are delayed and it takes longer before all event information
of the perturbed cycle is available, so at some point in time in that cycle, there are more pending
events than there would be in the nominal case. Due to the disturbance, not all events of cycle
k' have occurred until time t% > t3. As the disturbance also affects events from cycle k' + 1, the
point t4 is also shifted to t;. Note, however, that due to a stable timetable and effect of control
actions, the distance between t4 and t; is smaller than the distance between t3 and t; (assuming
no more disturbances occur).

estimated activity time (:)V(Z-)(k | t). Define the fixed and variable part of g;(k | t) as follows:

Gk t) = Gk, t) ¥ {i |t =gk | 1)} (3-55)
g (k,t) = gi(k,t) v {i |t <@gk [1)} (3-56)

When at time ¢ an estimate of a perturbed parameter is supplied, the optimization is started.
Like event times that occurred before time ¢, train orders cannot be changed when one of the
trains has already departed or arrived. Therefore, all inputs associated to fixed events are not
allowed to be changed in the optimization. However, more restrictions apply to order swaps,
due to the time needed to perform the optimization. This is explained next.
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3-5-2 Constraints due to computation time

Denote the time needed for the optimization to complete by d;. This implies that the optimal
order swaps and event times are available no earlier than at time ¢ + §;. However, the
optimization has the freedom to perform order swaps such that events can be re-scheduled to
occur before t + d;. When this is the case, at time ¢ + J; it turns out that a train should have
already departed for the order swap to be optimal. We should therefore give re-scheduled
events a lower bound on event time, viz. ¢+ ;. This restriction is called the minimum
re-schedule time constraint. First, we need to determine which inputs are not allowed to be
changed by the optimization. Consider Figure 3-4 in which two events, event 1 and event 2,
are to expected to occur at times g1 and s, respectively. However, at time t; a new estimate
of g1 is available, predicting event 1 will occur at time g (¢1). This is depicted in Figure 3-4.
Event 2 was scheduled to occur after event 1, but due to perturbed event 1, it is better to
let event 2 precede event 1. After the optimization at time ¢ + &, two situations as depicted
in Figure 3-4 could occur. Ideally, the departure time of train 2 equals its scheduled time
again. However, the decision should be based on the departure time of train 2 not earlier
than at ¢+ §;, since that is the time at which the order swap will be known. The optimization
introduces some delay due to the relatively late decision. However, the optimal solution is not
known beforehand. In the worst case, the situation would be the same as when no decision
would have been made (lower graph of Figure 3-4.

The next example shows when it is not desired to change a train order. Consider the situation
as depicted in Figure 3-5. A new parameter estimation is available at time ¢1, which results
in a new estimate ¢1(k | t1). Assume that the order of train 1 and 2 can be changed. By the
time the optimization routine has finished, the optimal decision might have been to change
the order of train 1 and 2. In that case, train 2 should have left at time g2(¢; ). However,
this does not comply with the actual network situation, in which train 1 has already departed
and train 2 is still waiting until enough headway time is ensured. Therefore, during the
optimization the order between event 1 and 2 must be maintained. Moreover, if the order
were allowed to be changed, both trains would need to wait for the decision to be computed.
Both trains would then also be subjected to the minimum re-schedule time constraint of ¢+ 9.
This would only increase the delay of both trains, which is not desired.

From the previous examples it can be concluded that we need to fix some of the inputs
associated to future events. For that we need knowledge about the network situation at ¢+ d;,
but this network situation changes due to the order swaps resulting from the optimization.
Therefore, at the moment disturbance information comes available, the network is simulated
with the perturbed parameter vector, while using the last known optimal input vector. All
events that were fixed, remain fixed. Then, all inputs are fixed which are associated to the
simulated event times smaller than ¢ + J;. The fixed and variable events are defined as:

W™ (k,t) = Gia
@' (k,t) = @

(kt) ¥ {0 | Gilk | 1) <t+0) (3-57)
(B,t) ¥ {0 |Gk | t) >t + 00,5k | t) > t+ 6.}, (3-58)

(%)

*(i,5)

where g(k | t) is the prediction of the network situation at time ¢, based on the last parameter
estimation and the last optimal input vector.
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t=1t
71(t7) F2(t7) 71(t1) o(t1)
: :
' ¢ :
t.l T = time
0
t=t,+ 6,
71(t7) Go(t7) T2(t1 +6:)  Ga(ts + d¢)
Order swap: J l l
b b+ 0 time
Tf
o (ty) ga(ty) Gr(ts +0:)  Galts +04)
No order swaj l l l
1 t1+ 0 = time

Figure 3-4: The decision to change the order of train 1 and 2 is not known until time ¢ 4 d;.
Therefore, train 2 cannot have departed or arrived earlier than that time.

All events, which are allowed to be re-scheduled must have a minimum event time of ¢ + ;.
The minimum re-schedule time constraint is given by Eq. (3-59).

gitk [t+0) >t+6 YV {i|gi(k|t)>t+ 0} (3-59)

Note that events for which holds that g;(k | t) > ¢ + d;, may still be re-scheduled to a point
in time between ¢ and ¢ + J;. This can only happen to events which have a scheduled time §;
between ¢ and t + &, so it is sufficient to apply the constraint only to those events. Therefore,
Eq. (3-59) is rewritten into:

ik |t+0) >t +06 YV {i|gi(k|t)>1t+6,5:(k) <t+0:} (3-60)
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t=1t
g1(ty) g2(t7) 71(t1) a(t1)
1 1
1 1
1 1
° ®
t:l : : : time
Tf
0t
t=11+0
gi(ty) ga(ty) Uo(t1+90:)  Gai(t1+6r)
Order swap:
h b + 0 time
Tf
g (ty) ga(t7) gi(t1 +6)  Galt1 4+ 0r)
No order swap:
b b + 01 time
Tf

Figure 3-5: Situation in which the order must be maintained during the optimization. If an order
swap were allowed, both events would have to be postponed to not earlier than t + é;. In that
case, the total delay would be bigger than when the order swap was not allowed.

Control horizon

The set of variable inputs can be reduced by introducing a control horizon. The control
horizon can be defined over a fixed number of events or a fixed time interval. In the first
case, the time this horizon spans is variable, while in the latter the number of events is
variable. Defining the control horizon over a fixed time interval is preferred, since limiting
the number of events may exclude some are estimated to occur later than §; and thus may
still be manipulated now, but must be fixed the next optimization step. In this way, the
controller never had the chance to manipulate inputs related to those events and may yield
suboptimal solutions. One could state that simply making the control horizon large enough
will circumvent this problem, but using a fixed time span provides a far more intuitive and
better operation. The control horizon is thus defined over a fixed time interval N, and is
implemented including only inputs associated to variable events scheduled before t + §; + N,.
A visualization of the control horizon is given by Figure 4-7, where t* denotes ¢ + d;.

The control horizon is implemented by fixing control variables at their nominal values (i.e. 0)
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Receding horizon control with control horizqn:

\|

# pending events

to to ts

Time

Figure 3-6: Visualization of the control horizon.

if they are associated to events beyond ¢ + §; + N.. The fixed and variable part of u(k,t) are
then given by:

A (k) = G, (kyt) Y {i | 3k | 8) <t+6 V Fi(k | ) >t +6 + N, (3-61)
ﬂvar(k’t) = aa(iyj)(k’t) (3_62)
Vo {i|gi(k[t) >t +0,5(k|t) <t+0;+ Ne,gj(k | t) >t 406, 55(k | t) <t 46 + Ne}

3-5-3 Receding horizon MILP constraints
The optimizers of the MILP thus only need to consist of the variable event times and inputs.

The constraints in Eq. (3-54) will be rewritten such that only §¥"(k | t) and @Y (k,t) will be
subjected to constraints. Partition ¢(k | t) and a(k,t) as follows:

(k1) = [ ) ] . and a(k,t) = [ ) ] (363)
Using Eq. (3-63) we can rewrite Eq. (3-51) into:
T ~var cvar T ,avar

Since (k) and @™ (k) are constants, they can be removed from the cost function, yielding:

J(k) = [ 5™ (k | ¢) + [e]"a™ (k, ). (3-65)

The objective thus becomes:

min J(k 3-66
gvar(klt)7avar(k’t) ( ) ( )
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Inserting Eq. (3-63) into the constraints as given by Eq. (3-54) gives:

[z At ] [ 7k | ) > be() (3-67)

(7] gﬁx (k, t)

+ [ A Al ] l

Bringing the constraints related to §1(k) and @™ (k) to the right-hand side of Eq. (3-67), we
obtain the following constraints:

[y ax ]|

Eq. (3-68) needs to be augmented with the minimum re-schedule constraint:

fix fix ~fix
] e

~fix
> (k) — [ ARy AR ] [ e ) ] (3-68)

be(k)

A Am [ gkl e) ]
| t+ 6

Are O a* (k,t)

3-6 Conclusions

This chapter presented a railway network prediction model, which has been structured with
respect to the input and parameter vector. The headway time matrix of this prediction
model can be manipulated by the control variable w(k,t). The control of a railway network
by changing train orders, can be written in a form which is affine in @(k,t). The problem
of finding the optimal set of event times and inputs, is written as an MILP, with continuous
event times and binary inputs. To keep the number of constraints low, the optimization is
carried out solely over the unknown event times and inputs. The ingredients for receding
horizon control of railway networks have been derived, which are summarized below.

e All event times of the initial cycle are known. The horizon recedes one cycle ahead
when all event times of the current cycle are known.

e Event times in the past will remain fixed.

e Inputs associated to event times between ¢ and t + d; will be fixed.

e Event times are subjected to minimum re-schedule time due to this computation time.

e A control horizon is defined over inputs associated to variable event times scheduled
before t + §; + N.. All other inputs are fixed at 0.

e The optimizer consist of only the variable event times and inputs.
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Chapter 4

Implementation

4-1 Introduction

This chapter presents the implementation of the receding horizon control algorithm. The im-
plementation is split into two parts, viz. building the system description given in Section 3-2
and the implementation of the receding horizon controller as presented in Section 3-5. The
process of building the system model can be done offline, while the receding horizon control
algorithm is an online process. The system description itself does not change during con-
trol, only the system states, inputs and parameters do. Parameter estimates are supplied
to the controller, which computes optimal event times and inputs based on this parameter
information. This is depicted in Figure 4-1.

The implementation is done in Mathworks Matlab, however the algorithms presented in this
chapter are written in pseudo-code. These pseudo-codes use the format as shown in Algorithm
1.

This chapter is outlined as follows. First, the data structures used to represent the timetable
and system model are presented in Section 4-2. Then, the algorithms for building the system
matrices are treated in Section 4-3, after which Section 4-4 presents the various steps of the
receding horizon control algorithm.

4-2 Data Structures

This section presents the data formats as used for the implementation of the receding horizon
algorithm. For example, the system matrices G(a(k,t), ©(k | t)) and H(u(k —1),0(k | t))
are generally very large for railway systems, but they are also sparse. Therefore, in stead
of storing these matrices including mostly entries equal to €, a more efficient representation
is used. In the following, the arguments of the system matrices are left out, so for example
G(u(k,t),0(k | t)) is written as G. As the matrices G and H result from a timetable, the
timetable format is treated first. How exactly these matrices are obtained from the timetable
is covered in Section 4-3.
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Offline processes: Online processes:

Timetable

—_— Build prediction

system

ﬂ,, ?]Val'

Actual network

Figure 4-1: Global scheme of the algorithm.

Algorithm 1 Pseudo-code format.

Syntax:

How to use the function
Output:

List of output variables
Input:

List of input variables

Here come the steps that constitute the algorithm:

1. Step 1 //Comments are written in italic light-grey text, following a ’//’-sign

n. Step n

4-2-1 Timetable

The nominal operation of the network is given by the timetable. For every train in the
timetable, running and dwell times are specified. Furthermore, each train is associated to a
train line and a track number, uses a track in a specific direction from which it should depart
at its scheduled departure time and uses the track for a certain time given by the running
time. The relation to preceding trains is given by the previous train number for the current
cycle or previous cycle indicated by cycle. Finally, each train has a dwell time. The timetable
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tt = [train | train line | track | dir. | dep. time | run. time | prev. train | cycle | dwell time | arr. time]
Table 4-1: The timetable format.
is stored as a matrix ¢t with the following structure:
Each row in this matrix is corresponds to a train. To meaning of each column is explained

below.

Train The first column contains the train number. Recall that each train number represents
a run on a track and thus multiple train numbers are associated to one physical train.

Train line Each train is associated to a specific train line, of which the service is carried out
by one physical train.

Track This field assigns the train to a track in the network. This could either be a real track
or a virtual track.

Dir. The direction of the train. Single tracks carry trains in opposite directions. This field
has the value 0 or —1. The value should be chosen such that trains using same track in the
same direction receive the same direction value.

Dep. time The scheduled departure time of the train.
Run. time The minimal running time of the train.
Prev. train The train number this physical train had on the previous track.

Cycle This field has the value 0 when the previous train is from the same cycle as this train,
or —1 when from the previous cycle.

Dwell time The minimal time in minutes the previous train waited at a station or junction.

Arr. time The scheduled arrival time at the end-point of the track.

4-3 From Timetable to Prediction System

The system matrices describe the system operation within the prediction horizon and follow
from the timetable. However, these matrices are sparse, i.e. most entries are equal to €, and
will take up a lot of computer memory to store. Therefore, to ensure efficient memory usage
and reduce computational times, these matrices are converted to coordinate lists, which store
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matrices as [row, column, value]. For matrices G and H extra columns are used to allow for
the implementation of the inputs. The coordinate list has the following entries:

[row ‘ column ‘ nominal value ‘ additional value ‘ input #

When an input is active, additional value is added to nominal value. In the following, indices
are no longer given in the subscript, but are shown between parentheses after the variable in
question. For example, g; is written as (7).

4-3-1 Obtaining the running and dwell time matrices

Parameter vector O is stored separately, so the value entry in the coordinate list is replaced by
the index of © at which the parameter can be found. As no inputs are associated to running
and dwell times, matrices Az, Bs and A4 are stored as:

[row ‘ column ‘ Oind ‘ 0 ‘ 0]

The running time matrix G4 is implemented through constructing G4. The steps needed to
create G4 are given in Algorithm 2. The first column of G4 contains the index of the arrival
time in g(k,t), the second column contains the index of the departure time in g(k,t) and the
third column contains the index of ©(k | t) (representing (i) from Section 2-3-2). Recall
that the fourth and fifth column are equal to 0, as no permutation is associated to a running
time.

Figure 4-2: Entries of the coordinate lists point to entries in §, @ and ©.

The dwell time matrices are implemented through construction of G3 and Hs. Denote the
latest cycle of which all events are known by k& — 1. This is called the initial cycle and event
times of this cycle are denoted by #init. The current cycle is defined as the cycle following
directly after the initial cycle. All dwell activities between trains from cycle k, the current
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Algorithm 2 Obtaining Gy.

Syntax:
G4 = buildRun(tt, n, Np)

Output:

G4 //Implementation of the running time matriz Gy
Input:

tt // The timetable.
n // The number of trains per cycle.
N, //The prediction horizon.

1. Gy =10
2. For 0 <k <N,
3. For 1 <i<mn //For each train in cycle 'k’
4. éind = éind + 1 //Increase index in &}
5. O(Oina) = tt(i ,6) //Add running time to ©
G
6. Gy = j+k-ontn-N, i+ ];1- n Gug 00 // Augment G4
7. End
7. End
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cycle, and trains from cycle k — 1, the initial cycle, are contained in Hsz. All dwell activities
between trains from cycle k + ¢ and k + ¢ + 1, where 0 < £ < N, — 1 are contained in G3.
Algorithm 3 shows the procedure of creating G35 and Hs. Figure 4-2 provides an illustration
of the implementation of the running and dwell time matrices.

The running and dwell time matrices G4, G3 and H3 will from now on be represented by one
matrix, viz. Gg, containing G4 and G3, and Hg, containing Hs.

4-3-2 Obtaining the headway time matrices

Matrices G1,H1, Go and Hs are stored as Hy, Hy, G and Go, respectively, in the following
format:

.1 .| _nom -
[Z ‘ J ‘ T ‘ Talt — Tnom ‘ uind]a

where Thom is the nominal headway time between event j and ¢, and 7,1y — Thom is added to
Tnom When input @(uinq) is active. The input vector is stored separately and ui,q gives the
index of the associated input in @. Note that Thom can be 3, 74 or 7,. The same holds for
ralt Algorithms 4 and 5 show the steps that constitute to construction of Hy, Hs, G1 and
Gs.

4-4 Receding Horizon Algorithm

The receding horizon algorithm is executed along four main steps: Disturbance information
can be supplied at various time instants (step 2). The states and inputs are separated into
fixed and variable parts (steps 3 and 4) and the subsystem related to the variable states is
extracted (step 5). The optimization (step 8) runs when new information becomes available,
when the system has shifted ahead one cycle or, when using a control horizon, at every time
step. The optimization has a dual function: to provide a simulation of the network and to
find the optimal event times and inputs. As soon as all event times of the current cycle k are
known, the system is shifted one cycle ahead and the variables are updated (step 11).

Step 3 of Algorithm 6 is illustrated in Figure 4-3. At each time step t a vector § with estimated
event times is obtained. Part of this vector contains event times prior to time ¢. These event
times lie in the past and are not allowed to be changed in the optimization routine. The

indices in § of those event times are contained in the set gfg; All event times greater than

the current time ¢ are contained in the set g%.

Step 4 of Algorithm 6 is illustrated in Figure 4-4. Here, the set of inputs is divided into two
subsets @' and af*.

Only the variable event times and inputs need to be optimized. Therefore, the optimization
only requires the entries of G related to the variable event times. These entries constitute
the matrix G¥*" and is formed by all rows of G of which the first column is in the set 3.
Figure 4-5 visualizes this process.

The algorithms used for each step are treated separately next. In the following, the arguments
k and t are dropped for presentational reasons only.
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Algorithm 3 Obtaining G3 & Hs.

Syntax:
G'3, H3 = buildDwell(tt,n, N,)

Output:

G3 //Implementation of the dwell time matriz Gs
Hs //Implementation of the dwell time matriz Hs
Input:

tt // The timetable.
n // The number of trains per cycle.
N, //The prediction horizon.

1. G3 = @, H3 — @

2. For 0 < ¢ < N, //For each cycle

3. For 1 <i<mn //For each train in one cycle

4. j = tt(i,7) // The previous train
5. Oind = Oina + 1 //Increase indez in ©
6. ©(Oina) = tt(i ,9) //Augment © with the dwell time
7. If tt(i,8)== 0 // The previous train is from the same cycle
8. Gz = it lom j—i—ﬁ-??j—n-]\fp G.q 0 0 ] /] Augment G
9. Else // The previous train is from the previous cycle
10. If £ == 0 //The previous train is from k — 1, so constraint is contained in Hs
11. Hs = i i+n é{f’d 00 1 /] Augment Hs
12. Else // Constraint is contained in Gs
G
13. G3 = Pl (- -3n tnoN, Ou 0 0 1 // Augment G
14, End
15. End
16. End
17. End
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Algorithm 4 Obtaining H1 & Ho.

Syntax:
Hy, Hy = buildHhead (tt, n, Ny, 7, )

Output:
Hyeaq //Implementation of the headway time matrices Hi and Ha
Input:
tt // The timetable.
n // The number of trains per cycle.
N, //The prediction horizon.
7¢ //Headway time for trains running in the same direction.
Tw //Headway time for trains running in the opposite direction.
L. HY =0, Hy =0, Hyeaa = 0
2. For 1 <p <mny //For each track
3. Sort trains on track p with respect to departure time
4. For each train ¢ in cycle k using track p
5. For each train j in cycle k — 1 using track p
6. If direction of ¢ is the same as that of j
7. If train j is not the previous train from k — 1 for train ¢
8. Uind = Uind + 1 //Add input/Increase index of input vector
HY
9. HY = i j ¢ B—Tf Una | //Augment HY
i+n j4+n Tp [B—Tf Und
10. Else //trains travel in opposite directions
11. Uind = Uind + 1 //Add input/Increase index of input vector
HP
12. HY =] . 2 /] Augment HY
i j4+n Tw B—Tw Und
13. End //End direction condition
14. End //End "for each train j"
15. End //End "for each train "
Hhead
16. Hyead = H f /] Augment Hpeqq with track matrices H {) and Hf
Hj

17. End //End "for each track p'
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Algorithm 5 Obtaining G, & Go.

Syntax:
G1,G2 = buildGhead(tt, n, Np, T¢, Tw)
Output:
Ghead //Implementation of the headway time matriz Gi and Go
Input:
tt // The timetable.
n // The number of trains per cycle.
N, //The prediction horizon.
7¢ //Headway time for trains running in the same direction.
Tw //Headway time for trains running in the opposite direction.
1. G =0,G5 =0, Gheaqa =0
2. For 1 <p <mny //For each track
3. Sort all trains using track p in prediction horizon with respect to departure time
4. For each train ¢ using track p
9. For each train j using track p
6. Uind = Uind + 1 //Add input/Increase index of input vector
7. If direction of ¢ is the same as that of j
_ e
i j Tr B —Tf Und
8. Gl=|i+n-N, j+n-N, 74 B—7f Unda | //Auvgment G
J i B Tr—pB Uind
| j+n-Ny, i+n-N, B 7= Upnd
9. Else //trains travel in opposite directions
¢
10. Gi=14i j4+n-N, 7w B—Tw Una | //Augment GF
| J i+n-Ny, B Tw—f Und
11. End //End direction condition
12. End //End "for each train j"
13. End //End "for each train "
Ghead
14. Ghead = Glf /] Augment Gheaq with track matrices GY and GY
G5

15. End //End "for each track p"
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Algorithm 6 Receding horizon algorithm outline.

1. For each timestep t

2 Update (k| t),0(k | t)

3 separate variable and fixed event times

4 separate variable and fixed inputs

D. extract subsystem related to variable event times

6 If new parameter information or system has shifted or when using control horizon
7 Build constraints related to variable states

8 simulate/find optimal inputs and states

9

End
10. If current cycle £ known
11. Update variables
12. End
13. End
PAST FUTURE

time

Indices of
all

Indices of
all
g>t

~fix

~var
Yind =

. = Yind
y<t

Figure 4-3: Separation of fixed and variable event times.

4-4-1 Supplying disturbance information

At various time steps, estimates on perturbed parameters may come available. These esti-
mates are contained in a list Z, with the following format for each row i:

Zi - [éind ‘ (:)est((:)ind) ‘ test]7
where ©Ojnq is the index in © of the perturbed parameter and éest(éind) is the estimated
parameter value at time teg;. During the simulation at time ., the associated parameter is

updated with the estimate. After each parameter update, the system is simulated whit this
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PAST FUTURE
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Figure 4-4: Separation of fixed and variable inputs.
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new parameter vector, while keeping the inputs at their last optimal value. This simulation
was carried out by running the optimization with all the inputs fixed.

4-4-2 Fixing the states and inputs

The states and inputs are fixed according to the rules (Eq. (3-57), Eq. (3-57), Eq. (3-55) and
Eq. (3-56)) presented in Section 3-5. Steps 2 and 3 of Algorithms 8 and 9 rely on logical
indexing. The logical test § < t results in a binary vector with a length equal to that of ¢,
with entries equal to 1 at the indices where § < t is true. When the vector 3™ is used as
index for ’yLinList’, all the entries of ’yLinList’ at the indices where y™2%k = 1 are obtained.

4-4-3 Extracting sub-matrices

After finding the fixed and variable states, the entries from G and H related to the variable
states can be extracted, such that only the constraints related to those states are used in
the MILP. This procedure is shown in Algorithm 10. The fixed states are constants and do
not depend on other events any longer. Therefore, constraints yielding the event time of an
already fixed state can be discarded. Again, logical indexing is used in steps 7 to 17. The
"length()" operator gives the length of a vector, so for a vector v of size 1 x 6, length(v)
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Algorithm 7 Updating © with available disturbance information.

Syntax:

© = getDistInfo(Z, Ge,t, &)

Output:

S // Updated parameter vector.
Input:

©// Previous parameter vector.

Z |/ Matriz with disturbance information.

1.If Z'=0//The '’ denotes the 'not’-operator.

2. Zipa =find(Z(:,3) ==1t)

3. End

4. If Zing ' =0//1If Z contains information at time t.

5. For j=l:length(Zinq)// For each parameter perturbation at time t.
6. O(Z(Zina(5),1)) := Z(Zina(4),2) // Update ©

7.  End

8. End

yields 6. Since also only the parameters related to variable states are of interest, a reduced
parameter vector (:)Uar is created. The indices in column 3 of Gy, and Hy,, (denoted by
Gyar(5,3) and Hyyr (3, 3), respectively) are changed to refer to Ouar, instead of ©. This is done
in steps 19 to 24.

4-4-4 Constructing the MILP constraints

The next step to be carried out is the optimization. First, the state and input indices in
Gyar and Hy,;, need to be mapped to the correct indices in @yar, Jvar, Jfix and dgx. Then the
constraints have to be constructed. The MILP is solved using the MILP solver as part of the
MPT [26] toolbox available for MATLAB.

Index mapping

Since the first two columns of Gy, and Hy,,e point to entries in the full state vector, these
indices need to be mapped to point to the correct index in @y,,. This is also the case for the
fifth column (containing the input indices) of Gyay and Hy,,. Therefore, the mapping vectors
gjrflif;p, Urmaps a?g‘ap and 4y, are created, according to the steps as shown in Algorithms 11
and 12. Note that the indices of these mapping vectors are 1 higher than that of 4 and §.
This is due to the fact that MATLAB does not allow zero-indexing, so a 1 has to be reserved
to indicated a non-used entry, instead of a 0. The concept of index mapping is visualized in
Figure 4-6.
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Algorithm 8 Separation of fixed and variable states.

Syntax:
[ymask, gl g, g™, 5¥r) = fixStates(, t, 1, Np)

Output:
y™2k /] A binary mask with 1’s on the places corresponding to fized events.
g% //Indices of fived events.
g2 //Indices of variable events.
§% // The fized event times.
g¥@* /| The variable event times.
Input:
g // The states.
t //The current time.

n, Np // The number of trains per cycle and the length of the prediction horizon.

// Obtain a vector with entries linearly ascending in value from 1 to 2-n- Ny:
. yLinList = [1,2,...,2-n- Ny|T

. y™ek = (§ < t) //Binary vector y"™** (i) =1 if §(i) < t

. gjﬁl’é = yLinList(y™2) //Result: vector with indices of fized 7.

§v3 = yLinList(ly™3k) / /5297 contains indices of variable §j (*!” is the 'not’-operator.)

§8% = §(§8%) // The values of the fired states.

v = g(g;21) // The values of the variable states.

A
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Algorithm 9 Separation of fixed and variable inputs:

Syntax:

~fix ~var »~fix fvar
[uind’uind’u , U ]

fixInputs(a, Ghead, U, t, 0¢, i)
Output:

@fx, @var //Indices of fized and variable inputs.

afix gvar // Values of fixed and variable inputs.
Input:

@ // The input vector.

Ghead // The headway time matriz Gheqq

g // The state vector

t // The actual time.

0t // The time needed for optimization.

ng // The total number of inputs within the prediction horizon.

1. uLinList = [1,2,...,ng]T // Vector with entries linearly ascending in value from 1 to ng:
2. yLinList = [1,2,...,n - Np]T // Vector with entries linearly ascending in value from 1 to n - Np:
3. ymk — (§j <t +6;) //Binary vector y™** (i) = 1 if §(i) < t + &
4. §8% = yLinList(y™2%)// Result: vector with indices of fized .
5. fdifng =0
6. For 1 < j < length(7%)
7. maskG = (Gheaa(:, 1) == 755(5))
8. ~ﬁx R [ ﬂflri(d ‘|
Yind * Ghead (maskG, 5)
9. Ghead := Ghead ('maskG,:) //Remove already evaluated entries of Glheq.
10. End

11. @ = uLinList \ @, // All indices of variable i

12, @Y = (@)
13. @ = a(alx)
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Algorithm 10 Extracting sub-matrices related to variable states.

Syntax:
[Gvar, Hvar, (:)VM] = extractSubSys(Ghead, Hhead, Go, Ho, Jina, (:))

Output:
Gvar, Hvar // The submatrices related to §*"

Ovar // The parameter vector.

Input:
Ghead7 Hhead7 G@7 H@

Jed //Indices of variable events.

© //The parameter vector.

1. Gvar,head - @7 Gvar,@ = @
2. Gtemp,head = Ghead, Htemp,head = Hhead//Store G and H in a temporary array for manipulation:
3. Gtemp,@ - G@: Htemp,@ - H@
4. For 1 < i < length(§2)
//Find all entries of G associated to iy (i):
5. Glind,head = (Gtemp,head(:, 1) == gl‘fé(z))) //Gindhead s a binary mask.
6. Gind,0 = (Gtempye(:7 1) == gl‘ﬁ‘j(z))) //Gind,0 is a binary mask.
G(Var head G(Var [S) ~ ~
7. Gvar,head = |: a ’ (G ) 5 Gvar,@ = G @(é ) //1/1“{/777'977[ (Imnzh,(:u,(l and (:1:(1,1'.@-'
temp,head indy - temp, indy -
/] We do not need to evaluate these entries anymore:
. temp,head = Utemp,head\-“ind,head; -/, temp,® — Utemp,©\-Uind,O; -
8 G =G G ), G =G o(!Gind.o,:
//Find all entries of H associated to §nq(i):
9. Hind,head = (Htemp’head(:, 1) == g;’;g@))) //Hind head s a binary mask.

10. Hina,o = (Htemp,@(:7 1) == g]f’fé(z))) //Hing,o s a binary mask.

Hyar head H
11. Hvar,head = |: v a ) ) Hvar,@ = v ///1 ugment Hyarhead and Hyaro:
nds

Hiemp,head (Hi Hiemp,0(Hind, 1)
// We do not need to evaluate these entries anymore:
12. Hiemp,head = Htemp,head (! Hind,head; :); Htemp,0 = Htemp,0 (!Hind,0,:)
13. End
// Create Opar and let Grar,0(:,3) and Hyure(:,3) point to indices in Ovar:

14. For each row j in Gyar,0

15. Oyar(§) = ©(Guar,0(4,3))// Construct parameter vector associated to variable states.
26. Gvar,0(4,3) = j//Let Guar,0(4,3) point to the index in Ovar.
17. End

18. ¢ = length(Qvar)

19. For each row j in Hyar,o

20. Ovar(j + ¢) = O(Hyar.0(4,3))// Construct parameter vector associated to variable stales.
21. Hyar0(5,3) = j +¢//Let Hyaro(4,3) point to the index in ©yar.
22. End.
Gvar S] Hvar (S]
23. Gvar = ’ 5 Hvar - ’
|: Gvar,head :| |: Hvar,head
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Algorithm 11 State mapping.

Syntax:
[g;’ri";p, ymap] - mapStateS(gﬁXa gvar, ?jﬁfﬁa gi\;ilina n, Np)
Output:

~var ~fix
ymap ’ ymap

Input:

~fix ~var

?/ay

~var

ylnd’ Yind
n, Np //The number of trains per cycle and the length of the prediction horizon.

gjrﬁn’;p( ) = nes(2 n - Np,1)//Initial value: a 1 x 2-n- N, vector of 1’s.
Urenp (i) = ones(2 - n - Np, 1)//Initial value: a 1 x 2-n - N, vector of 1’s.

numl = [1 7...,length( X)] //numl contains integer values from 1 to length(j®)
. num?2 = [1,...,length(g¥")] //num?2 contains integer values from 1 to length(y"")
: ymap(ymd + 1) =numl +1

- Urap (g + 1) =num2 + 1

I

Algorithm 12 Input mapping.

Syntax:

~var ~fix _ ~fix ~var ~fix fvar
[umapaumap] - mapIDPUtS(u y U™ Uinds Yind» N)

Output:

~var ~fix
umap’ umap

Input:
aﬁx ’ gvar

~fix ~var
Uind> Yind

n, Np //The number of trains per cycle and the length of the prediction horizon.

1. ~?5‘ap( )= nes(2 n - Np,1) //Initial value: a 1 x 2-n - N, vector of 1’s.

2. Uy (i) = ones(2-n - Np, 1)//Initial value: a1 x 2-n - Ny vector of 1’s.

3. numl = [ ..., Jength(a™)] //num1 contains integer values from 1 to length(a/™)
4. num2 = [1,...,length(a"")] //num?2 contains integer values from 1 to length(u""")
5. afs(al) + 1) = numl + 1

6. Tpap(Uisg +1) = num2 + 1
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. ~var .
GVan Umap Iz

1 000...00 000...00 .
1 100...00 000...00 i
2 010...00 100...00 var
1 001...00 ——> |o000...00 , |2,
3

Points to indices

~var
of Ue

e ?1\(\)'“\0\0 “‘2
- 000...01 0‘0‘0‘...‘0‘1 aver
: 000...00

Points to indices
of Iz

Figure 4-6: Visualization of index mapping. The same applies to the event time vector

Constraints

The final step in the optimization procedure, is to obtain the constraints as given by Eq. (3-68).
The constraints and the optimizers are supplied separately to the MILP solver and we thus
end up with a matrix A. and a vector b.. Matrix A. is multiplied with the optimizer. The
constraints follow directly from Gyar and Hy,. However, they must be translated from a
coordinate list into a matrix, suitable for multiplication. First of all, the first column of Gya,
contains an index of §. We need the index of 7", so by using gy (Gvar (i, 1) + 1) we obtain
the indices in §?". This index is then used to select a row of an identity matrix I, such that
the correct entry is selected when multiplying this row with §¥#". The same is done for Hy,,,
by using Fyia, (Hyar(:; 1) + 1) to select a row of an identity matrix Ip.

Selecting the correct entry of the input vector is done in a similar fashion, viz. by us-
ing s and I, However, Gyar @ and Gyare refer to input index 0, which is non-existing
in MATLAB. Therefore, to select the correct entry in sy, 1 is added to the index and
the identity matrix I3 is augmented with a row of zeros at the top. In this way, when
referring to index 0 in dyay, the first row (0 + 1) of I is selected, resulting in a multi-
plication of zeros with the input vector. Furthermore, I;y;; is an identity matrix of size
length(yinit) xlength(yinit), 5 is an identity matrix of size length(3)xlength(3), I is
an identity matrix of size length(7"")xlength(§"*), Iz is an identity matrix of size
length (%) xlength (%) and I is an identity matrix of size length(a™)xlength (™).
The solver used for solving the MILP requires the inequality constraints to be supplied in the
form of A-z < b, instead of A-z > b as was presented in Section 3-4. Therefore, both sides of

the constraints given by (3-68) are multiplied by —1, as —A-z < —b is equivalent to A-z > b.

4-4-5 Shifting the horizon

The moment that all events of the current cycle of the prediction system are known, the
system switches to the next cycle. Recall that each cycle consists of n events. Suppose that
the current cycle is denoted by k; and the cycle to shift to is denoted by k2 (= k1 +1). All
events from cycle ky are known, so yi,it will be equal to y(ky1) (for now, k; is not an index
here, but denotes the cycle). All other departure and arrival times shift n places up in the
state vector and they will thus receive a new index in ¢ as well as a new input index. All
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Algorithm 13 Construction of the MILP constraints.

Syntax:

. . ~fix ~fix ~var ~ ~fix  ~ ~fi =
[Aca bc] = bUIldconStralntS(Gvara Hvar7 evan yinit7 y X’ w X, y:/r?cli? yl\ﬁlaljpa ym);,p? uvma;p7 umxapat76tas)

Output:
Ac. //The left-hand side of the constraints: A. -z < b..
be // The right-hand side of the constraints: Ac -z < be.
Input:
Gvar, Hvar // The sub-matrices associated to the variable states.
Ovar // The parameters associated to the variable states.
Yinit // The initial states.
§1%, 485 /) The values of the fived states and inputs.

gi2a [/ The indices of the variable states.

Urmap gjgl’;p // State-mapping.
~var ~fix

Uyaps Umap //Input-mapping.

t,6¢,8 // The current time, the optimization time and the schedule.
// Construction of A.:
L ACL?T'M = 71G(ﬂ¥r?;p(GVar(:v 1) + 1)7 :) + IG(’gX?;p(Gvar(5, 2) + ]‘)ﬂ :)

2. Actaver = Guar(5,4) - T (@5, (Guar (5, 5) + 1), 2)
3. Az gvr = — I (25 (Huar (5, 1)), 1)
4. Acg,gvar = _Ig
5. Ape = Iy(y™ <t+6)
ﬁcl,gvar Ac1(,)avar
6. A= 4°" o
Are 0

// Construction of b.:

7. 4 = —B(G 6 3))

8. B = —~Fit (o 62 2),2) - Yiis — O(Hoy 6(13))

9. b\cléllfhead = *Gvar,head(:a 3)

10~bzgfhead = *Iinit (Hvar,head(:a 2)5 :) * Yinit — Hvar,head(:a 3)
11 b = 5

12. Ay gex = [Lgax (Ghap (Grar (5,2) +1))] - §™

13. Acl,aﬁx = [Gvar(:a 4) . Iaﬁx (ﬁgxap(Gvar(:a 5) + 1))] i
14. Ac2,7lﬁx = Hvar(ja 4) . Iﬂﬁx (ﬁgl);p(Hvar(:a 5) + 1)) . ﬁﬁx

var var
15. bV = bcl,(:) b.o = bc2,(:)
+ Vel pvar » Ve2 pvar
cl,head c2,head
b\c/?r - Acl,gjﬁx - Acl,ﬂﬁx
BT — Ao e
a
bg"
—(t+0¢)

16. b, =
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events and inputs of cycle k1 that were fixed, need to be remained fixed when progressing to
cycle ko. To ensure that the conditions imposed on the inputs in the new cycle are consistent
with those from the previous cycle, a matrix is created which maps input indices from k;
to the input indices as used in ko. This is done in Algorithm 15. Inputs which were first
assigned to y(k1) will now have to be mapped to input indices as found in H, since y(k1) has
now become yinit. These mapping matrices can be created beforehand and can be used every
time the system switches to a new cycle. The parameter vector is updated using Algorithm
7. Recall that the dwell times relating events from the initial cycle to events from the current
cycle can still change and should therefore not be discarded.

4-4-6 Control Horizon

The control horizon is implemented by Algorithm 17. All inputs related to events having
their scheduled time after ¢ + d; + N, are fixed to the default value of 0.

PAST FUTURE

Indices of
all
G(Givg) >t + 0

Indices of
all

S(gE) >t + N,
y<t+d

€ —_————

Indices of

~var
u

Indices of
&) <t+6 + N,

&
5 () <t 46+ N

Indices of

,afl)(

<

Figure 4-7: Separation of fixed and variable inputs when using a time-based control horizon.

4-5 Conclusions

An implementation of the receding horizon controller as presented in Section 3-5 was presented
as well as the implementation of model as presented in Section 3-2. Every time step, the
receding horizon controller splits the state vector and input vector into two subsets, viz. a set
of fixed states corresponding to past events, a set of variable states corresponding to future
states, a set of fixed inputs corresponding to past events, a set of variable inputs corresponding
to future states. The large and sparse system matrices are implemented using a coordinate
list, saving computer memory and computation time. This implementation is tested on a
small network, for which some test cases have been designed. This is treated in the next
chapter.
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Algorithm 14 Variable updates.

Output:
Yinit
ymask
m
fi fi
Yind> Uind
yﬁx , uﬁx
Input:

n, Np //The number of trains per cycle and the length of the prediction horizon.
g // The state vector.
ymask
)
// When all states of cycle k1 are known:
LIfymask==1 VvV (1<i<n)& (N, - n+1<i< N, -n+n)

mask ; ) e , inm: -
u //Binary fized state and input mask

o e, — g(l : n) T, ) o
2. Yiit = G(N,-n+1:Ny-n+n) ]// Update Yinis.
o [ ymask(n . Np . n) : i
Yy = y( ymask(Np n+1:2. Np . ’I’L) )// (//])()],(1,/(, Yy

y™3k(1: N, -n —n)
4 0

- Y yK(N,-n+n:2- N, n)
0

// Update y™** (0 is a vector of length n).

linList = [1,2,...,2-n- Ny|T
yiX = linList (y™2%%)

. §:=8§+T //Update schedule.
g(n:n-Np—n)
8. §:= S(n- Ny —n+1:n-Ny) // Update event times.

gn-Np+1:2-n-N,—n)
52-n-Ny—n+1:2-n-N,)
9. @, 4™ = shiftU(afX,, @, Ghead, Hhead, 1, Np)// Update i and 17{[”1(]
10. © = shiftTheta(0, G, Ho,n, N,)// Update ©
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Algorithm 15 Input vector update on cycle shift.

Syntax:

aev, afx = shiftU(afiX|, 4P™Y, Gheads Hhead, s Np)
Output:

new

g
Input:

@fix, // The previous indices of inputs to fiz.
@Pr® [/ The previous inpul values.
Ghead, Hhead // The headway time matrices.

n, Np //The number of trains per cycle and the length of the prediction horizon.

//Find indices in G related to event times [y(k +1) ... y(k + Np)]
/ / For presentational reasons, Gpeqq is written as G.
1. indexl = (G(;,1) >n & G(:,1) < N, - n & G(;,2) > n & G(;,2) < N, -n) ||
(G 1) >n& G(;,1) <N, -n& G(:,2) > Np-n+n)
//Find indices in Gheqq related to event times [y(k) ... y(k+ Np —1)]
2. index2 = (G(;,1) >0& G(:;,1) <N, - n—n & G(5,2) >0& G(;,2) < N, -n—n) ||
(G(:1)>0&G(;1) <N, n—n&G(:,2) >N, -n& G(:,2) < (2-Np-n—n))
// Find indices in G relating event times y(k + 1) and y(k):
3. index3 = (G(5,1) >n & G(;,1) <2-n & (G(:,2) <n) ||
(G:1)>n& G(;,1)<2-n& (G(:,2) > Ny -n& G(:,2) < N, -n+n)

4. @0 7" = G(index1,5) // The input indices related to [y(k+1) ... y(k + Np)].
5. ab " :=unique(a,(") //Remove repetions.

6. a2 = G(index2,5)// The input indices related to [y(k) ... y(k + N, —1)].
7. ahey = unique(a}sy’)// Remove repetions.

8. afldﬁ = unique(H(:,5)) //Find all input indices relating y(k) and Y.

9. @Mk = geros(ng, 1) //Initialize binary mask

10. a™ask(gfix ) = 1 //Binary mask for all fized inputs in the previous cycle.

~G.f
11. a0 = apey (@™ask) / / Indices the fived inputs receive in the new cycle

~G,fix
ind
13. arev(apey) = aPrev(abyy’) // Update the input vector.

~H Jfix
12. ﬁiﬁn"d = [ ind ]//4]/ input indices to fix in the new cycle.
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Algorithm 16 Parameter vector update on cycle shift.

Syntax:
énew = shiftTheta((:)"ld, G@, H®7 n, Np)

Output:
Qnew // The updated parameter vector with shifted entries.
Input:
6°4 /| The parameter vector for the previous cycle of the prediction system.
@rom //The nominal parameter values.
Go, Ho // The running and dwell time matrices

n, Np //The number of trains per cycle and the length of the prediction horizon.

//Find indices in G related to event times [y(k + 1) ... y(k + Np)]
1. indexl = (G(;,1) >n & G(:,1) < N, - n & G(;,2) > n & G(;,2) < N, -n) ||
(G(:,1) >n& G(:,1) <N, -n& G(:,2) > N,-n+n)
//Find indices in G related to event times [y(k) ... y(k + N, — 1)]
2. index2 = (G(;,1) >0& G(:;,1) < N, n—n & G(:,2) >0& G(;,2) < N, -n—n) ||
(G(:1)>0&G(;1) <N, -n—n&G(:,2) >N, -n& G(:,2) < (2-Np-n—n))
// Find indices in G relating event times y(k + 1) and y(k):
3. index3 = (G(;,1) >n & G(;,1) <2-n & (G(;,2) <n) ||
(G(:1)>n& G(;,1)<2-n& (G(:,2) > Ny -n& G(:,2) < N,-n+n)
4. @new — @nom // Refresh parameter vector.
// Shift the parameter values one cycle:
5. O"%(Gg(index2, 3)) = ©°4(Ge (indexl, 3))
6. @™ (He(:,3)) = 0°9(Ge(index3, 3))
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Algorithm 17 Separation of fixed and variable inputs within control horizon:

Syntax:

~fix fvar ~fix Var]
3

[uind’ ind» U ﬁXIDPUtS(u Gheada Y, t 525’ Nca nu)

Output:

~fix ~var o i s I , 1yt it
Uy, w2 //Indices of fired and variable inputs.

afix gvar // Values of fixed and variable inputs.

Input:

Ghead // The headway time matriz Gheqd

g // The state vector

t //The actual time.

0t // The time needed for optimization.

N. /] The control horizon in minutes.

N, //The prediction horizon.

ng // The total number of inputs within the prediction horizon.
1. uLinList = [1,2,...,ng]T // Vector with integer values from 1 to ng:
2. yLinList = [1,2,...,n - Np|T // Vector with integer values from 1 to n - Np:
3. gy = yLinList \ i
4. Find = Uina (5(Fina) < t+ 6+ Ne)
5. Gemp1 =0
6. For 1 < j <length(y)
7. maskG = (Gheaa(:, 1) == 725()))

L Gtempl
8. Gtempl o [ Ghead(maSkG7:) ]
9. End
10. GtempZ = @
11. For 1 < j < length(})
12, maskG = (Gremp (-:2) == 335())

Gtem 2
13. = P
3 Gremp2 [ Glemp1 (maskG, :)
14. End
15. Ufﬁé = unique(Giemp2(:,5))// Remove repetitions.
16. @™%= uLinList \ @2}/ / Obtain the indices of fived inputs.
17. @ = a(a2)// The variable input vector.

18. @ = @(afx,)// The fized input vector.
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Chapter 5

Case Studies

5-1 Introduction

This chapter presents the results of two test cases applied to a small, virtual network. In each
test case, a train run is disturbed by increasing its running time or dwell time. The algorithm
as presented in Chapter 4, is used for simulation and control of the network. Test case 1 is
used to show the effect of supplying different estimates at various points in time. Also, the
effect the computation time §; can have on the solution is demonstrated. The second test
case demonstrates how much CPU time can be saved when using a control horizon. The
resulting network situation are visualized through the use of so-called place-time diagrams,
by which the movement of trains over time through the network can be easily interpreted.
This chapter is outlined as follows. The test network is presented in Section 5-2. Section 5-3
presents presents the test cases, of which the results are presented in Section 5-5.

5-2 Test Network

The test network [27] is depicted in Figure 5-1. The network consists of 7 stations and 3 train
lines. The lines end at stations 1, 6 and 7, where the trains turn around. Stations 2, 3, 4 and
5 have overtaking possibilities. At station 3, tracks cross and merge.

The lower drawing in Figure 5-1 shows a schematization of the train lines using the network
and shows for each line at which station the trains stop. Lines 1 and 2 are operated by
intercity trains, whereas line 3 is operated by a local train. Line 1 connects stations 6 and
7, via station 3 and 5. Line 2 runs between stations 1 and 6, while stopping along the route
at stations 3 and 5. Line 3 also connects stations, but stops at all stations in between, viz.
stations 2, 3, 4 and 5. The timetable according to which the lines operate, is shown in Table
5-1 and Table 5-2. For each train line, the departure time (d.) and arrival time (a.) are given
in minutes of every hour.

The movement of trains through the network over time can be visualized by means of a place-
time diagram, as depicted in Figure 5-2 and Figure 5-3. Each color represents a different
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Station 7

Track lay-out:

_ =" I

Station 6 Station 5 Station 4 Station 2 Station 1
Station 3

Line plan:

I ntercity service

Station 7
|:| Local service
—
~— Linel
— Line2
° — Line3 ° I
Station 6 Station 5 Station 4 Station 3 Station 2 Station 1

Figure 5-1: The network used for the case studies as described in this chapter. Above: the track
layout. Below: the line plan.

Line 1 Line 2 Line 3
Station 1 | d. A5 .45 ] .21 ] .51
Station 2 | a. | | | .28 | .58
d. .20 | .50 | .29 | .59

Station 7 | d. | .00 | .30 | | | | |
Station 3 | a. | .11 | .41 | .26 | .56 | .36 | .06
d.| .13 | 43| .28 | .58 | .38 | .08
Station 4 | a. | | | | | | .45 | .15
d.| .18 | 48| .33 |.03 | .51 | .21
Station 5 | a. | .28 | .b8 | .43 | .13 | .04 | .34
d.|.30 | .00 | .45 | .15 | .05 | .35
Station 6 | a. | .36 | .06 | .51 | .11 | .13 | .43

Table 5-1: Schedule for trains running from right to left in Figure 5-1

train line. In this case, line 1 is shown in red, line 2 in blue and line 3 in green. Each plot is
accompanied with a number, like 301" or 102’ The first digit denotes the train line number
to which the train run is associated. The second two digits are reserved for the cycle number
to which the train run belongs. The vertical lines in Figure 5-3 belong to lines using the
crossing at station 3. This crossing is modelled as a track with a running time equal to 0
minutes. Note that line 101 using the crossing represents line 1 running from station 6 to 7
and does not belong to train 101 running between station 3 and 6. The same holds for the
plots associated to trains 102.
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Line 1 Line 2 Line 3
Station 6 | d. | .16 | .46 | .01 | .31 | .09 | .39
Station 5 | a. | .22 | .62 | .07 | .37 | .17 | .47
d.| .24 | .54 .09 .39 | .18 | .48
Station 4 | a. | | | | | |.31].01
d.|.34|.04| .19 | .49 | .37 | .07
Station 3 | a. | .39 | .09 | .24 | .54 | .44 | .14
d.| .41 | .11 | .26 | .56 | .46 | .16

Station 7 | d. | .52 | .22 | | | | |
Station 2 | a. ] | | .53 .23
d. 32 1.02] .54 .24
Station 1 | a. .38 1 .08 | .01 | .31

Table 5-2: Schedule for trains running from left to right in Figure 5-1

Place-time diagram for the nominal case.

7
1 10

301 10 302, 10 202
=

20 10 302

w

Station

20

301 20

6 1 1 1 1 1 1 1 I
9:05 9:10 9:15 9:20 9:25 9:30 9:35 9:40 9:45 9:50 9:55  10:00
Time

Figure 5-2: Place-time diagram the lines running between stations 7, 3 and 6 in the case of
nominal operation.

From the timetable, matrices G and H can be generated, but first the timetable must be
converted to the format as given in Table 4-1. Appendix A-1 shows this timetable format for
the test network.

The next section presents the to be evaluated delay scenarios.

5-3 Test cases

Using the test network in Figure 5-1, various test cases have been evaluated. In each test
case, the network operation is perturbed by changing a running or dwell time. The magnitude
of a disturbance has an upper limit. This upper limit is equal to the period of the affected
train line. Imposing this limit is motivated by the assumption that dispatching actions other
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Place-time diagram for the nominal case.
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Figure 5-3: Place-time diagram for the lines running between stations 1 and 6 in the case of
nominal operation.

than order swaps are more effective in such cases. For example, when a train is delayed so
much, that it gets caught up by the next train in the schedule, servicing the same line, then
coupling the delayed train to this next train, or just removing the delayed train from the
route, is probably preferred.

Recall that the the format in which disturbance information is supplied (see Section 4-4-1),
is given by:

Zi = [éind ‘ (:)est((:)ind) ‘ test],

The first entry points to the index of the running time in the parameter vector. The second
contains the disturbed parameter value, which equals the nominal value plus the disturbance
magnitude. The third entry gives the time of estimation.

Test case 1

In this test case, the effect of the minimum re-schedule time constraint is demonstrated. Two
disturbance scenarios are created:

Case 1.1 Delaying the run of line 1 between stations 3 and 4 (train 101)

Case 1.2 Delaying the departure of line 1 from station 5 (train 101).

In the first test, denoted by case 1.1, the running time of train 101 between station 3 and 4 is
perturbed. Two estimates are supplied at different times. The estimates are chosen such that
they result in different decisions. In this case, the first estimate turned out to be too low,
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time train estimated disturbance (minutes)
9:15 | 101, between station 3 and 4 +5
9:21 | 101, between station 3 and 4 +10

Table 5-3: Data for test case 1.1

time train estimated disturbance (minutes)
9:30 | 101 at station 5 +5
9:33 | 101 at station 5 +8

Table 5-4: Data for test case 1.2

such that the second estimate, which is assumed to be the actual value of the extra running
time, results in an order swap. The test case data is given in Table 5-3.

In the second test, denoted by case 1.2, the dwell time of train 101 at station 5 is perturbed.
Again, two estimates are supplied at different times and are again chosen such that they result
in different decisions. The test case data is given in Table 5-4.

Test case 2

In this test case, the effect of the control horizon on the computation time is assessed. First,
the network is simulated with perturbed parameters without applying control. Then, the
network is tested with the receding horizon controller without control horizon. The resulting
total delays and average computation times are recorded after each test and compared against
the results obtained without applying control. The same tests are carried out with a control
horizon of various lengths, ranging from 5 minutes to 30 minutes with 5 minute intervals.
The resulting total delays and average computation times are recorded as well.

The following two trains cases are evaluated:

Case 2.1 Delaying the run of line 1 between stations 7 and 3 (train 101)

Case 2.2 Delaying the run of line 3 between stations 1 and 2 (train 301).
The following 5 disturbance magnitudes are applied to each train run:

e +5 min.

e +10 min.

+15 min.
+20 min.

+25 min.

These scenarios are chosen since order swaps are most likely to be effective in reducing the
total delay in the network.
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5-4 Setup and Settings

The simulations are carried out on a personal computer with the specifications as listed in
table Table 5-5.

Operating system Windows 7 Enterprise SP1, 32-bit.
Processor Intel® Core "2 Duo E8500 @ 3.16GHz
RAM 4.00 GB

Table 5-5: PC specifications.

Some parameter values, like the length of the prediction horizon and the value for 3, still
need to be defined. Their values are given in Table 5-6. The length of the prediction horizon
N, must be large enough to be able to foresee the effects of disturbances and control actions,
but must be limited to ensure practical computation times. Furthermore, it does not make
sense to look further than three hours ahead in time, as the network situation becomes more
and more uncertain the further one looks. Putting more effort in finding the optimal actions
is therefore less likely to be paid off. The value for § must be chosen such that all event times
within the prediction horizon will always be much smaller than 8 during the simulation.

Simulation time: tsim = 180 minutes

Prediction horizon: N, = 6 cycles

Constant f = —2000 << —(tsim + (Np — 1) - 30)
Headway time (same dir.) Tr = 3 minutes

Headway time (opposite dir.) 7, = 1 minute

Max. comp. time d¢ = 2 minutes

Weighting of § 1

Weighting of @ le™®

Table 5-6: Simulation parameters.
The value for d; is fictive and constant. The value is merely chosen to prove a concept, viz. the
working of the receding horizon controller and to the effect of the minimum re-schedule time
constraint. Due to the large number of variables in a practical situation, the computation

time can be large and will significantly affect the performance of the controller. The actual
computation times for the test network were never higher than 1.4 seconds.

5-5 Results

The results of test case 1 and 2 are presented below.

5-5-1 Test case 1.1

Figure 5-4 to Figure 5-6 show the (partly estimated) network situation at various times for
test case 1.1. Figure 5-4 shows the situation at 9:00h, when operation is still nominal.
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Place-time diagram for test case 1.1 at 9:14h.
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Figure 5-4: Network situation at 9:00h in test case 1.1. All event times later than 9:00h are
estimates.

When at 9:15h the first estimate is available, the controller computes the event times and
train orders as depicted in Figure 5-5. Note that this advice is available at 9:17h, which is d;
minutes later than the time the estimate was supplied. No order swaps are advised at this

point.

Place-time diagram for test case 1.1 at 9:17h.
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Figure 5-5: Network situation at 9:17h in test case 1.1. All event times later than 9:17h are
estimates. No order swap is advised yet.
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Then, at 9:21h a new estimate is available and the optimization is carried out. At 9:23h,
the optimization is finished and an order swap of train 101 and 301 is advised (Figure 5-6).
Note that train 301 is restricted to depart not earlier than 9:23h, while its scheduled time
was 9:21h. This is due to the minimum re-schedule time constraint of the receding horizon
controller.

Place-time diagram for test case 1.1 at 9:23h.
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Figure 5-6: Network situation at 9:23h in test case 1.1. All event times later than 9:23h are
estimates. The order of train 301 and 101 is changed. However, train 301 cannot depart at its
scheduled time of 9:20h.

5-5-2 Test case 1.2

Figure 5-7 to Figure 5-9 show the (partly estimated) network situation at various times for
test case 1.2. Figure 5-7 shows the nominal situation.

At time 9:30h, train 102 should have left, but the driver has not shown up yet. It is estimated
he will arrive in 5 minutes. Two minutes later, the optimization routine is finished and it
turns out it is best to let train 302 wait. However, at 9:33h, the driver still has not shown up
and a new estimate is supplied that he will arrive in another 3 minutes. The optimization is
restarted and at time 9:35h the controller presents the solution in which train 302 can depart
before train 102 without delay. This is depicted in Figure 5-9.
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Place-time diagram for test case 1.2 at 9:29h.
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Figure 5-7: Network situation at 9:29h in test case 1.2. All event times later than 9:29h are

estimates.
Place-time diagram for test case 1.2 at 9:32h.
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Figure 5-8: Network situation at 9:32h in test case 1.2, after the first optimization. All event
times later than 9:32h are estimates.

In case 1.2, no extra delay was introduced with the given computation time and the time at
which the estimation was supplied. Suppose the computation time 9, is not equal to 2 minutes,
but 4 minutes. In that case, the situation changes to that as depicted in Figure 5-10. The
second estimate came too late for the order of train 302 and 101 to be changed. Note that
the second estimate was supplied during the optimization resulting from the first estimate
at 9:30h. In that case, the optimization routine is stopped and re-initiated with the current
event times and the new parameter estimate.
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Place-time diagram for test case 1.2 at 9:35h.
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Figure 5-9: Network situation at 9:35h in test case 1.2, after the second optimization. Train
302 is allowed to leave at its scheduled time. All event times later than 9:35h are estimates.

Place-time diagram for test case 1.2 at 9:37h, 6t = 4 minutes

202

302

Station

103

L 202 302 102 203

1 1 1 J
9:25 9:30 9:35 9:40 9:45 9:50 9:55 10:00 10:05
Time

Figure 5-10: Network situation at 9:37h in test case 1.2 with §; = 4 minutes. Train 302 is forced
to leave with a delay.

5-5-3 Test case 2.1

For each scenario, the total delay resulting from a free run (i.e. without applying control) is
compared to the total delay obtained when applying the receding horizon control algorithm
without control horizon (full control). Part of this total delay is the sum of delayed departures
and arrivals of the affected train. This delay cannot be removed by applying order swaps,
but will vanish due to slack times in the timetable. Figure 5-11 and Figure 5-12 show the
resulting total delays for both scenarios. Note that the total delay shown in the graphs is the
sum of all delayed events.

Ate Conraad Kleijn Master of Science Thesis



5-5 Results 75

Total delays in scenario 1
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Figure 5-11: Total delay with and without applying control in scenario 1.
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Figure 5-12: Total delay with and without applying control in scenario 2.

In both cases, the delays resulting from a 5 minute disturbance cannot be removed by swap-
ping train orders, but has to die out due to the slack times present in the timetable. As the
disturbance magnitude becomes bigger, the order swaps become more effective. The place-
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time diagrams for scenario 1 with a source delay of 10 minutes is shown in Figure 5-13. From
this figure the order swap between train 301 and 101 at stations 4 and 5 can be seen.

The place-time diagrams for scenario 2 with a source delay of 10 minutes is shown in Fig-
ure 5-14. Note the order swap between trains 302 and 102 at the crossing.

5-5-4 Test case 2.2

Each scenario was also simulated with the algorithm using a control horizon with various
lengths. From these simulations, the total delay and average computation times were recorded
and compared against those resulting from the simulations without the use of a control hori-
zon. The results are shown in Figure 5-15 and Figure 5-16.

In both scenarios, the same amount of total delay is obtained, with a reduction in computation
time of up to 36.7%. The reduction does not seem to have a clear relation with the size of the
delay. However, the graphs lie relatively close to each other and it appears that a reduction
of around 30% can be expected using a control horizon in this network.

5-6 Conclusions

In the test cases as presented in this chapter, the working of the receding horizon controller
was demonstrated. It was shown how the algorithm copes with various estimates supplied
at different time instants. Also, the effect of the computation time §; was demonstrated.
The use of a control horizon provides a significant reduction of computation times and can
be viewed as a practical heuristic to reduce the computational complexity of finding optimal
order swaps.
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Place-time diagram for scenario 1, with +10 min. disturbance.
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Figure 5-13: Place-time diagram for the lines running between stations 7, 3 and 6 during scenario

1, in which train 101 is delayed 10 minutes. The actual movement is shown with a solid line,
whereas the scheduled movement is shown with a dotted line.

Place-time diagram for scenario 2, with +10 min. disturbance.
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Figure 5-14: Place-time diagram for the lines running between stations 1 and 6 during scenario

2, in which train 301 is delayed 10 minutes.
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Figure 5-15: Reduction in computation time compared to full control for various lengths of N,
for scenario 1. Each line is associated to a specific disturbance magnitude.
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Figure 5-16: Reduction in computation time compared to full control for various lengths of N,
for scenario 2. Each line is associated to a specific disturbance magnitude.
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Chapter 6

Conclusions and Recommendations

In this thesis, the development of a receding horizon algorithm for railway networks has been
presented. This algorithm was implemented in MathWorks MATLAB and tested with a virtual
network to which various disturbances were applied. Two cases were created. In the fist test
case, different parameter estimates were supplied to the receding horizon controller at various
points in time. This test demonstrated the effect of the minimum re-schedule time constraint.
The second test case showed that a control horizon can significantly reduce the computation
time needed. The text below presents a discussion of the results and how the various aspects
apply in a practical setting. Finally, some recommendations for future work are presented.

6-1 Conclusions

The structuring of the max-plus model as presented in Chapter 2 and Chapter 3 provides a
convenient notation of complex railway network models. The use of max-plus algebra allows
for the application of max-plus system theory to analyze or uncover interesting properties of
railway networks. Although the model only contains running, dwell and headway constraints,
it can be easily extended to also contain e.g. connection constraints. Connection constraints
link the departure of on physical train to the arrival of another physical train, such that
passengers are given the time to transfer from one train to the other. By using a binary
input associated to these constraints, connections can be broken in a very similar way the
headway relations are reversed. A less practical aspect of the model, is that it is assumed that
each cycle consists of the same number of events. Usually, during rush-hours, more trains
are driving, so more events occur per cycle. This also means that the model of the railway
network changes. A solution could be to use a model containing all events that may occur
during one cycle. Then, during rush-hour, only the events associated to this mode of network
operation are considered, while all other events can be fixed. Switching to another mode
of operation can be done by changing which events are fixed and which are variable. The
algorithm presented in this thesis can then also be applied to railway networks using different
timetables during different parts of the day.

Master of Science Thesis Ate Conraad Kleijn



80 Conclusions and Recommendations

The developed receding horizon control algorithm allows for optimal control of a railway net-
work, with the possibility to supply varying parameter estimations. The optimization problem
is done over only a set of variable event times and inputs and further reduction of the MILP
can be achieved by just changing the set of variable event times and inputs. The algorithm
offers a general framework which allows for convenient further development. Furthermore, the
algorithm can work with practical constraints such as the effect of a minimum computation
time, by employing a minimum re-schedule time constraint. The first test case showed the
effect of this minimum re-schedule time constraint, which was introduced such that delayed
events could not be re-scheduled to a point in time before the time the optimization was fin-
ished. The decision of the algorithm would then not be based on the actual network situation
any longer. The optimal event times and train orders are not known until the end of the
optimization, thus the algorithm has to take into account its own computation time. It seems
that the computation time is the weakest link in the chain. After all, when the computation
time d; is small, more decisions can be evaluated which improve the solution. However, now
we are asking for more freedom for less computation time, which is contradictive. We should
therefore find a method to determine which decision variables are not needed to find the global
optimum, i.e. the best decision from a network point of view. In the test cases, the compu-
tation time was assumed to be constant and known beforehand. In practice, the value for d;
could then be based on a worst case scenario, in which the computation time needed is largest.
However, this worst case computation time should not be based on an unlikely scenario, as
then most of the times the algorithm can find better solutions with smaller values of §;. If a
scenario occurs in which more computation time is needed than expected, just implementing
the best solution obtained so far is probably the most practical solution. Another approach
is to make 9, dynamic, i.e. changing per scenario. As the disturbances get bigger and more
trains are involved, it is more likely that more order swaps will occur. During testing, it was
noticed that the average computation time needed was bigger in those cases. In that light, it
might be not bad that some events get a little extra delay due to computation time, as the
overall reduction in delay might be very good. Furthermore, what is done when an event is
delayed during optimization, which was not delayed when the optimization started? Does the
optimization routine need to be re-started every time that happens? If the decisions resulting
from the disturbance of two separate events are independent in the optimum, these problems
can be decoupled. In that case, two separate optimizations can be carried out. This requires
knowledge on how these disturbances interact in the optimum. It is a very realistic aspect
of the algorithm to include the minimum re-schedule time and provides a good framework to
study the use of more sophisticated methods, like assigning dynamic values to ;.

Besides identifying variables which will not change in the optimum, the application of a control
horizon is a good method to reduce the computation time. This control horizon should then be
as small as possible. However, how does one know beforehand how small this is? One method
could be to first simulate the network with the perturbed parameter vector to see how far in
the future events are affected by the disturbance. This would than be an upper boundary for
the length of the control horizon. Although from the results of test case 2 it seemed that the
control horizon could be as short as one wanted while still obtained the global optimum, this
is not the case. The algorithm using a control horizon bases its decisions without ’knowing’
about the possibilities of order swaps beyond this control horizon. Therefore, it could ’miss’
a better alternative. However, it could be a practical measure to keep the computation time
short. What is not implemented in the algorithm, is a time-based prediction horizon. Instead,

Ate Conraad Kleijn Master of Science Thesis



6-2 Recommendations For Future Work 81

an event-based prediction horizon was used. This event-based prediction horizon is defined
over an integer number of cycles and recedes as soon all the event times of the earliest cycle
are known. This, however, leaves very little room for tweaking, since adding a cycle to the
prediction horizon means adding n events with all the inputs associated to those events. The
number of inputs per track grows exponentially for each train added to that track. Just like
the control horizon, the prediction horizon could be defined over a time span. This allows
for more freedom in calibrating the prediction horizon and thus the computation time. The
algorithm presented in this thesis provides easy implementation of such a prediction horizon.
Based on the results obtained and the experience gained, the following recommendations are
made regarding the further development of the algorithm.

6-2 Recommendations For Future Work

The text below proposes some extensions to the algorithm as presented in this thesis as well
as ideas for future endeavours.

6-2-1 Time-based prediction horizon

Just as was done with the control horizon N, the prediction horizon N,, could be defined over
a fixed time span. The system matrices are generated beforehand describing events within N
cycles. Every time step, the prediction horizon includes events N, time steps in the future.
All events that lie outside this time span are included in the set ™. Only Algorithm 8 needs
to be rewritten into to Algorithm 18.

The size of Ng should be chosen such that, in the case of a severe disturbance, at any time
during the re-scheduling procedure, the prediction horizon can still recede to include new
events. A rule of thumb would then be:

N, = [%1 +2 (6-1)

Instead of defining the prediction horizon over a time span, it could also be defined over a
fixed number of events.

6-2-2 Dynamic control/prediction horizon length

By first simulating the network with the perturbed parameter vector while fixing the input
vector at its previous optimal values, the extend of the disturbance can be assessed. From
this information, the maximum length for the control and/or prediction horizon can be set.

6-2-3 Control horizon over successive events

The control horizon could be defined over only the affected events within some time frame.
This reduces the search space by excluding control variables which would never improve the
objective function [10]. All events not in the successive events list can be fixed, reducing the
size of the MILP, thus decreasing the computation time.
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Algorithm 18 Separation of fixed and variable states. All variable states lie within a IV,
minute time frame.

Syntax:
[ymask, ghix, gyar gix gvar] = fixStates(§, t,n, Ny, Ny)

Output:
ymaSk / /A binary mask with 1’s on the places corresponding to fixed events.
gjﬁl’é /Indices of fized events.
gr2a //Indices of variable events.
i // The fized event times.

g¥@* /| The variable event times.

Input:
g // The event time vector.
t //The current time.
N //The number of cycles for which the model is generated
n, Np //The number of trains per cycle and the length of the prediction horizon.
1. yLinList = [1,2,...,2-n - N
2. ymask = (5 < 1)&(j >t + N,)
3. g% = yLinList(y™ask)
4. gy = yLinList(ly™mask)
5. 5% = §()
6. 9" = J(Jma)
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6-2-4 Effect of parameter variation

Determining how much variation in disturbance estimates can be tolerated without it affecting
the decisions is an interesting topic to investigate. If a change in parameter value does not
affect the decision, this saves an optimization run. If no optimization run is needed, no delay
due to the optimization is introduced.
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Appendix

A-1 Timetable for the test network

Station 7

Track numbering:

/|

12 10 8 3 1
9 \ 4 2

13 11
Station 6 Station 5 Station 4 \ Station 2 Station 1

Station 3

Figure A-1: Track numbering of the test network.

The timetable in the format as presented in Section 4-2-1, is shown in Table A-1. Recall that
a crossing is represented by a virtual track, as explained in Section 2-1. This virtual track

track number 7 in Figure A-1.
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train | line | track | dir. | dep. time | run. time | prev.train | cycle | dwell time | arr. time
1 1 5 0 0 11 9 -1 1 12
2 1 8 0 13 4 1 0 1 18
3 1 10 0 18 9 2 0 0 28
4 1 12 0 0 5 3 -1 1 6
5 1 13 0 16 5 4 0 1 22
6 1 11 0 24 9 5 0 1 34
7 1 9 0 4 4 6 -1 0 9
8 1 7 0 11 0 7 0 1 11
9 1 6 0 11 11 8 0 0 23
10 2 1 0 15 4 20 0 1 20
11 2 3 0 20 5 10 0 0 26
12 2 7 -1 26 0 11 0 0 26
13 2 8 0 28 4 12 0 1 33
14 2 10 0 3 9 13 -1 0 13
15 2 12 0 15 5 14 0 1 21
16 2 13 0 1 5 15 -1 1 7
17 2 11 0 9 9 16 0 1 19
18 2 9 0 19 4 17 0 0 24
19 2 4 0 26 5 18 0 1 32
20 2 2 0 2 4 19 -1 0 7
21 3 1 0 21 6 31 -1 1 28
22 3 3 0 29 6 21 0 1 36
23 3 7 -1 6 0 22 -1 0 6
24 3 8 0 8 6 23 0 1 15
25 3 10 0 21 12 24 0 1 34
26 3 12 0 5 7 25 -1 1 13
27 3 13 0 9 7 26 -1 1 17
28 3 11 0 18 12 27 0 1 31
29 3 9 0 7 6 28 -1 1 14
30 3 4 0 16 6 29 0 1 23
31 3 2 0 24 6 30 0 1 31

Table A-1: The timetable for the test network.
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