10th International Conference
on Railway Operations Modelling and Analysis (ICROMA)

% (©) RAILBELGRADE 2023

Book of Abstracts
April 25th - 28th, 2023

ORGANIZED JOINTLY BY THE INTERNATIONAL ASSOCIATION OF RAILWAY
OPERATIONS RESEARCH (IAROR) AND UNIVERSITY OF BELGRADE - I
FACULTY OF TRANSPORT AND TRAFFIC ENGINEERING . u "'1"‘"{&_

RAILBELGRADE2023.SF.BG.AC.RS







10t International Conference on Railway
Operations Modelling and Analysis (ICROMA)

RailBelgrade 2023

Belgrade, Serbia, April 25t — 28, 2023

BOOK OF ABSTRACTS

Editors:

Rob Goverde
Francesco Corman
Ivan BeloSevi¢
Sanjin Milinkovi¢

Belgrade, 2023



2 10%" International Conference on Railway Operations Modelling and Analysis

Conference Organizers: The International Association of Railway Operations Research (IAROR)
University of Belgrade — The Faculty of Transport and Traffic
Engineering (UB-FTTE)

Organizing Committee: Prof. Dr. Rob Goverde, Delft University of Technology (President
of IAROR)
Prof. Dr. Francesco Corman, ETH Ziirich (Vice-President of IAROR)
Prof. Dr. Vladan DPoki¢, University of Belgrade (Rector of UB)
Prof. Dr. Nebojsa Bojovi¢, University of Belgrade (Dean of UB-FTTE)
Prof. Dr. Ivan Belosevi¢, University of Belgrade (Conference Chair)
Prof. Dr. Sanjin Milinkovi¢, University of Belgrade (Conference
Program Chair)

Publlisher: University of Belgrade — The Faculty of Transport and Traffic
Engineering
Vojvode Stepe 305, Belgrade

On Behalf of Publisher: Prof. Dr. Nebojsa Bojovi¢

Publishing Editor: Prof. Dr. Marijana Petrovi¢

Cover page photo: Dr. Dusan Jeremi¢

Year: 2023

Printed by: BIROGRAF COMP DOO BEOGRAD, 11080 Zemun, Atanasija Pulje,
Serbia

No. of Copies: 400

ISBN: 978-86-7395-467-7

DOI: https://doi.org/10.37528/FTTE/9788673954677/RailBelgrade.2023.ZE

Publishing supported by: Ministry of Science, Technological Development and Innovations,
Republic of Serbia

CIP - Katanorusauuja y nyénukauuju HapogHa 6ubnuoteka Cpbuje, beorpag

656.2(048)
625.1(048)

INTERNATIONAL Conference on Railway Operations Modelling and
Analysis (10 ; 2023 ; Beograd)

Book of abstracts / 10th International Conference on Railway Operations
Modelling and Analysis (ICROMA), RailBelgrade 2023, Belgrade, Serbia,
April 25th - 28th, 2023 ; editors Rob Goverde ... [et al.]. - Belgrade : University,
The Faculty of Transport and Traffic, 2023 (Beograd : Birograf comp). - 167
str. tilustr.; 24 cm

Tiraz 400. - Str. 7: Preface / lvan Belo3evic.
ISBN 978-86-7395-467-7
a) XKenesHunukn caobpahaj -- Anctpaktu b) XKenesHuue -- AnctpakTu

COBISS.SR-ID 113772809

L |



10t International Conference on Railway Operations Modelling and Analysis

Scientific Advisory Committee

Abhyuday, Indian Railways Institute of Mechanical & Electrical Engineering (India)
Borna Abramovi¢, University of Zagreb (Croatia)

Ivan Belosevi¢, University of Belgrade (Serbia)

Nikola Besinovi¢, Technical University Dresden (Germany)

Markus Bohlin, Mdlardalen University (Sweden)

Nebojsa Bojovi¢, University of Belgrade (Serbia)

Francesco Corman, Swiss Federal Institute of Technology (Switzerland)
Andrea D’Ariano, University of Rome Tre (Italy)

Stéphane Dauzére-Pérés, Mines Saint-Etienne (France)

C. Tyler Dick, University of Texas at Austin (USA)

Rob Goverde, Delft University of Technology (The Netherlands)
Ingo Hansen, Delft University of Technology (The Netherlands)
Steven Harrod, Technical University of Denmark (Denmark)
Yung-Cheng (Rex) Lai, National Taiwan University (Taiwan)

Alex Landex, Ramboll Group (Denmark)

Christian Liebchen, Technical University of Applied Sciences Wildau (Germany)
Carlo Mannino, SINTEF (Norway)

Marin Marinov, Aston University (United Kingdom)

Nikola Markovi¢, University of Utah (USA)

Peter Marton, University of Zilina (Slovakia)

Giorgio M. Medeossi, TRENOlab (lItaly)

Lingyun Meng, Beijing Jiaotong University (China)

Sanjin Milinkovi¢, University of Belgrade (Serbia)

Andrew Nash, St. Polten University of Applied Sciences (Austria)
Florin Codrut Nemtanu, Polytechnic University of Bucharest (Romania)
Lei Nie, Beijing Jiaotong University (China)

Otto Anker Nielsen, Technical University of Denmark (Denmark)
Nils NieBen, RWTH Aachen (Germany)

Andreas Oetting, Technical University of Darmstadt (Germany)
Dario Pacciarelli, University Roma Tre (Italy)

Joern Pachl, Technical University of Braunschweig (Germany)
Paola Pellegrini, University Gustave Eiffel (France)

Anders Peterson, Linkdping University (Sweden)

Christos N. Pyrgidis, Aristotle University of Thessaloniki (Greece)
John Preston, University of Southampton (United Kingdom)
Stefano Ricci, University of Rome La Sapienza (Italy)

Clive Roberts, University of Birmingham (United Kingdom)
Joaquin Rodriguez, University Gustave Eiffel (France)

Bernhard Riiger, Vienna University of Technology (Austria)

Ismail Sahin, Yildiz Technical University (Turkey)

Thomas Schlechte, LBW Optimization GmbH (Germany)

Andreas Schoebel, OpenTrack Railway Technology (Switzerland)
Aleksander Stadkowski, Silesian University of Technology (Poland)
Svetla Stoilova, Technical University of Sofia (Bulgaria)

Jaromir Siroky, University of Pardubice (Czech Republic)

Norio Tomii, Nihon University (Japan)

Pieter Vansteenwegen, University of Leuven (Belgium)

Alex Wardrop, TTG Transportation Technology (Australia)

Chao Wen, Southwest Jiaotong University (China)

Thomas White, Transit Safety Management (USA)



4 10t International Conference on Railway Operations Modelling and Analysis

Local Organizing Committee

Nebojsa Bojovi¢, UB-FTTE
Ivan Belosevié, UB-FTTE
Sanjin Milinkovi¢, UB-FTTE
Stanko Bajceti¢, UB-FTTE
Biljana Gordi¢, Serbian Railways a.d.
Milivoje Ili¢, UB-FTTE

Milos Ivi¢, UB-FTTE

Predrag Jovanovi¢, UB-FTTE
Dragana Macura, UB-FTTE
Milos Milenkovié, UB-FTTE
Slobodan Mitrovié¢, UB-FTTE
Norbert Pavlovi¢, UB-FTTE
Nikola Stojadinovi¢, UB-FTTE
Slavko Veskovi¢, UB-FTTE
Predrag Zivanovi¢, UB-FTTE

Reviewers

Abhyuday, Indian Railways Institute of Mechanical & Electrical Engineering
Borna Abramovi¢, University of Zagreb

Joelle Aoun, Delft University of Technology

John Armstrong, University of Southampton

Ivan Belosevi¢, University of Belgrade

Nikola Besinovi¢, Technical University of Dresden
Christian Blome, Technical University of Berlin
Markus Bohlin, Mdlardalen University

Nebojsa Bojovi¢, University of Belgrade

Tommaso Bosi, Roma Tre University

Gabrio Caimi, Swiss Federal Railways SBB

Fabrizio Cerreto, Banedanmark

Zebin Chen, Beijing Jiaotong University

Martin Cichon, Nuremberg Institute of Technology
Francesco Corman, ETH Zurich

Nicola Coviello, TrenoLab SRLS

Arturo Crespo, Technical University of Darmstadt
Alejandro Cunillera, Delft University of Technology
Elias Dahlhaus, Technical University of Darmstadt
Stéphane Dauzére-Pérés, Mines Saint-Etienne
Mariana De Almeida Costa, ETH Zurich

C Tyler Dick, University of Texas at Austin

Branislav Dimitrijevi¢, New Jersey institute of Technology
Boban DPordevi¢, KTH Royal Institute of Technology
Anna Dolinayova, University of Zilina

Huiling Fu, Beijing Jiaotong University

Florian Fuchs, ETH Zurich

Taku Fujiyama, University College London

Jozef Gasparik, University of Zilina

Sara Gestrelius, RISE



10t International Conference on Railway Operations Modelling and Analysis

Rob Goverde, Delft University of Technology
Marliére Grégory, University Gustave Eiffel

Daniel Haalboom, Technical University of Dresden
Ingo Hansen, Delft University of Technology
Hrvoje Haramina, University of Zagreb

Steven Harrod, Technical University of Denmark
Florian Hauck, Freie Universitat Berlin

Bisheng He, Southwest Jiaotong University

Ping Huang, Southwest Jiaotong University
Dennis Huisman, Erasmus University Rotterdam
Johan Hogdahl, Kungliga Tekniska hdgskolan
Martin Joborn, Linkdping University

Predrag Jovanovi¢, University of Belgrade

Marko Kapetanovi¢, Delft University of Technology
Pavle Kecman, NXP Semiconductors

Natalia Kliewer, University of Paderborn

Dimitris Kouzoupis, FHNW

Alex Landex, Ramboll

Luka Lazarevi¢, University of Belgrade

Tianqi Li, Beijing Jiaotong University

Tomas Lidén, Linkdping University

Christian Liebchen, Technical University of Applied Sciences Wildau
Niels Lindner, Zuse Institute Berlin

Shaofeng Lu, South China University of Technology
Xiaojie Luan, Beijing Jiaotong University

Dragana Macura, University of Belgrade

Carlo Mannino, SINTEF

Marin Marinov, Aston Univrsity

Nikola Markovi¢, University of Utah

Jaroslav Masek, University of Zilina

Carlo Meloni, University of Rome La Sapienza
Lingyun Meng, Beijing Jiaotong University

Frank Michelberger, St. Poelten University of Applied Sciences
Milos$ Milenkovi¢, University of Belgrade

Sanjin Milinkovi¢, University of Belgrade

Niloofar Minbashi, KTH Royal Institute of Technology
Mo, Beijing Jiaotong University

Peter Marton, University of Zilina

Karl Nachtigall, Technical University of Dresden
Petr Nachtigall, University of Pardubice

Federico Naldini, University Gustave Eiffel

Andrew Nash, St Poelten University of Applied Sciences
Eva Nedeliakova, University of Zilina

Lei Nie, Beijing Jiaotong University

Nils NieBen, RWTH Aachen Universitiy

Milos Nikoli¢, University of Belgrade

Dario Pacciarelli, University Roma Tre

Joern Pachl, Technical University of Braunschweig
Bianca Pascariu, University Gustave Eiffel

Norbert Pavlovi¢, University of Belgrade

Paola Pellegrini, University Gustave Eiffel



6 10%" International Conference on Railway Operations Modelling and Analysis

Anders Peterson, Linkdping University

Marjana Petrovi¢, University of Zagreb

Lumir Peéeny, University of Zilina

Marco Pranzo, University of Siena

John Preston, University of Southampton

Christos Pyrgidis, Aristotle University of Thessaloniki
Egidio Quaglietta, Delft University of Technology
Stefano Ricci, University of Rome La Sapienza
Konstantinos Rigos, Delft University of Technology
Joaquin Rodriguez, University Gustave Eiffel
Bernhard Riiger, Vienna University of Technology
Ismail Sahin, Yildiz Technical University

Marcella Sama, Roma Tre University

Tim Sander, Technical University of Dresden
Thomas Schlechte, LBW Optimization GmbH
Andreas Schobel, OpenTrack Railway Technology GmbH
Jorn Schonberger, Technical University of Dresden
Kaspar Schiipbach, Swiss Federal Railways SBB
Milica Selmi¢, University of Belgrade

Bin Shuai, Southwest Jiaotong University

Jaromir Siroky, University of Pardubice

Emma Solinen, Trafikverket

Martin Starcevi¢, University of Zagreb

Svetla Stoilova, Technical Univesity Sofia

Nikola Stojadinovi¢, University of Belgrade
Gordan Stoji¢, Faculty of Technical Sciences
Christopher Szymula, Technical University of Dresden
Aleksander Stadkowski, Silesian University of Technology
Marta Leonina Tessitore, Roma Tre University
Norio Tomii, Nihon University

Pieter Vansteenwegen, University of Leuven

Nina Versluis, Delft University of Technology
Francesco Viti, University of Luxembourg

Xuekai Wang, Beijing Jiaotong University

Yihui Wang, Beijing Jiaotong University

Ziyulong Wang, Delft University of Technology
Alex Wardrop, TTG Transportation Technology
Steffen Weider, LBW Optimization GmbH

Norman Weik, German Aerospace Center

Chao Wen, Southwest Jiaotong Unversity

Thomas White, VTD Rail Consulting

Yang Xia, China Academy of Railway Science
Peiran Ying, Tongji University

Shuguang Zhan, Hefei University of Technology
Bojian Zhang, Southwest Jiaotong University
Yongxiang Zhang, Southwest Jiaotong University
Jiaxi Zhao, University of Texas at Austin

Vladislav Zitricky, University of Zilina

Niels van Oort, Delft University of Technology
Renate van der Knaap, Delft University of Technology
Denis Sipus, University of Zagreb



10t International Conference on Railway Operations Modelling and Analysis 7

Preface

The idea of organizing the biennial International Conference on Railway Operations
Modelling and Analysis (ICROMA) is to strengthen the international transfer of knowl-
edge and co-operation in the railway planning and operations research area. The cycle
of ICROMA conferences started in Delft in 2005 and continued in Hannover (2007),
Zirich (2009), Rome (2011), Copenhagen (2013), Tokyo (2015), Lille (2017), Norrkop-
ping (2019) and Beijing (2021).

ICROMA conferences are organised by the International Association of Railway Opera-
tions Research (IAROR) attracting researchers, consultants, and industrial practitioners
to meet, present their latest research, exchange know-how, and discuss current devel-
opments and applications.

Preface to the 10th ICROMA - RailBelgrade 2023

Those who have been in touch with ICROMA conferences in the past know well that it
is not just a cycle of scientific conferences but a forum established to trace the latest
developments with the aim of inspiring research on future railways. On this occasion,
we thank the authors who contribute papers dealing with various aspects of railway
operations, modelling and analysis. We thank all of the participants for presenting their
views and discussing delivered solutions for railway transport problems. Among 139
papers submitted originally, 125 papers have been accepted (113 research papers and
12 industrial papers). All papers have undergone rigorous peer review. In this process,
the Organizing Committee has strong support from the Scientific Advisory Committee
(SAC) and reviewers. The Scientific Advisory Committee consisted of 50 researchers
from more than 20 countries, and the pool of reviewers was extended by other 82
active IAROR members and senior researchers. We appreciate their dedicated work in
ensuring the quality of the conference program.

Besides the effort of authors, reviewers, and members of SAC and Organizing Commit-
tee, we have received help from our sponsors and supporters. We express sincere grati-
tude for the outstanding support provided by company Stadler as a General sponsor
of this conference. We thank Gold sponsors: Trenolab, OpenTrack Railway Technology,
MSC - Mediterranean Shipping Company and IVU Traffic Technologies, and all other
sponsors and supporters. This conference could not be successfully organized without
their help and support.

This year ICROMA is celebrating a jubilee. We enjoy the pride and happiness of hosting
the 10™ International Conference on Railway Operations Modelling and Analysis which
will take place in Belgrade with the participation of the world’s leading institutions,
hosted by University of Belgrade - The Faculty of Transport and Traffic Engineering.

Belgrade, April 2023 On behalf of the Organizing Committee
Ivan Belosevi¢, Conference Chair
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Conference Programme

Tuesday, April 25"

11:00-12:00

Mini Course | (Room 128): Crew Scheduling (Dennis Huisman)

12:10-13:10

Mini Course Il (Room 128): Capacity and Performance of Freight Railway Yards
and Terminals (C. Tyler Dick)

13:10-14:00

Lunch Break

14:00-15:00

Mini Course lll (Room 128): Multimodal Transportation System Simulation
(Carlos Azevedo)

15:10-16:10

Mini Course IV (Room 128): Railway Operations Modeling with Petri Nets
(Sanjin Milinkovic)

16:30-18:30

Welcome Reception

Wednesday, April 26"

08:15-09:15

REGISTRATION

09:15-10:15

OPENING CEREMONY (Room 125)

10:15-10:30
10:30-11:00

11:10-12:30

Coffee Break

KEYNOTE (Room 125): MILP Reformulations for Train Timetabling and

Dispatching: Recent Advancements (Carlo Mannino)

Session 1.1A (Room 128): Timetabling |

Florian Fuchs and Francesco Corman. Joint Optimal Periodic Timetabling

11:10-11:30

11:10-11:30 1109 | 5 4 Train Routing
Fangsheng Wang, Pengling Wang, Zixuan Zhu, Xiaofang Xiao and Ruihua
11:30-11:50 | 86 |Xu. Robust optimization of train timetable with short-turning strategy
considering uncertain passenger demand and vehicle selection
11:50-12:10 | 107 Berenike Masing, Niels Lindner and Christian Liebchen. Periodic
) *~ | 7| Timetabling with Integrated Track Choice for Railway Construction Sites
Wenyu Wang, Fangsheng Wang, Feng Zhou, Ling Hong and Ruihua Xu.
12:10-12:30 | 39 |Train dwell time analysis for urban rail transit stations based on random
forest algorithm: A case study on Beidajie station of Xi'an Metro
11:10-12:30

Bisheng He, Yanbo Yin, Bo Jian Zhang, Peng Chen and Gongyuan Lu. An
Agent-based Simulation System for the Operations of Railway Marshalling
Yard

11:30-11:50

Michael Nold and Francesco Corman. Challenges and opportunities for the
railway system in 2050: results from a survey of experts

11:50-12:10

Marko Kapetanovi¢, Alfredo Nufez, Niels van Oort and Rob M.P. Goverde.
Vehicle-to-Grid Concept for Hydrogen Fuel Cell Hybrid-Electric Regional
Trains

12:10-12:30

Jakob Geischberger, Alessa Isberner and Norman Weik. Optimizing rollout
strategies for migration to moving block signaling — a MINLP-based
approach for on-board train integrity monitoring technology
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INRISPEEIN Session 1.1C (Room 326): Passenger assignment
Renate J.H. van der Knaap, Menno de Bruyn, Niels van Oort, Dennis
11:10-11:30 | 19 Huisman and Rob M.P. Goverde. Extracting Railway Passenger Demand
’ ’ = | Patterns from Origin-Destination Data for Developing Demand-Oriented
Service Plans
Tianyin Zhao, Yongxiang Zhang, Qiyuan Peng, Qingwei Zhong, Shan Jiang
11:30-11:50 | 53 |and Siyu Zhang. A passenger-oriented optimization approach for schedul-
ing additional high speed trains with flexible stopping
11:50-12:10 | 93 Songliang Zhang, Dewei Li and Yagiong Zhao. Demand Responsive Service
’ ’ == |in Railway: A Framework to Realize by Flexible Train Timetable
. . Yonggiu Zhu and Francesco Corman. Information to passengers under
12:10-12:30 | 84 R
overcrowding situations: good or not
12:30-13:20 | Lunch Break

13:20-13:50

14:00-15:20

KEYNOTE (Room 125): High-Speed Rail Transport Systems: Analysing,
Modelling, and Evaluating (Milan Janic)

Session 1.2A (Room 128): Railway performance |
Marta Leonina Tessitore, Giorgio Sartor, Marcella Sama, Carlo Mannino and

14:00-15:20

14:00-1420 | 62 Dario Pacciarelli. On the Fragility of a Train Timetable
14:20-14:40 | 85 Daniel Knutsen, Nils O. E. Olsson and Jiali Fu. Capacity Evaluation of
’ ’ == | ERTMS/ETCS Hybrid Level 3 using Simulation Methods
. . Emma Solinen and Anders Peterson. Increasing Robustness at Single-Track
14:40-15:00 | 88 | . . . . . .
Lines using the Indicator Robustness in Passing Points
15:00-15:20 | 134 Jing Shan, Nikola Besinovi¢ and Jorn Schénberger. Service quality asses-

ment of international rail transport

Bilal Uyimez, Miroslav Pejic, Christopher Tauchmann, Andreas Oetting and

14:00-14:20 | 38 |Kristian Kersting. Towards Safe Machine Learning Driven Railway Infrastruc-
ture Monitoring Systems
) . Milivoje Ili¢, Norbert Pavlovi¢ and lvan Belosevic. Failure mode and effects
14:20-14:40 | 122 . . .
analysis of rail turnouts under fuzzy environment
Chen-Yu Lin, Xinhao Liu and Christopher Barkan. Probabilistic Modelling
14:40-15:00 | 138 | ofOptimal Placement Strategies of Hazardous Materials Railcars in Freight

Trains

14:00-15:20 ion 1.2C (Room 326): Railway maintenance planning and scheduling
14:00-14:20 | 23 John Armstrong, John Preston, Peter Helm and Aleksandra Svalova. ACHIL-
: : == | LES: Reducing Infrastructure Whole-Life Costs

Felix Prause, Ralf Borndorfer, Boris Grimm and Alexander Tesch. Approxi-
14:20-14:40 | 113 | mating the Rolling Stock Rotation Problem with Predictive Maintenance by

a State-Expanded Event-Graph

Thomas Schlechte, Christian Blome, Stefan Gerber, Stefan Hauser, Jens
14:40-15:00 | 29 | Kasten, Gilbert Miiller, Christof Schulz, Michel Thiring and Steffen Weider.

The Bouquet of Features in Rolling Stock Rotation Planning

Felix Lampe, Maren Maus, Lea Elfert and Nils Nie3en. Influence of different
15:00-15:20 | 25 | prioritization approaches of maintenance and replacement measures on

station infrastructure quality

15:20-15:50

Coffee Break




10™ International Conference on Railway Operations Modelling and Analysis

ISERWAI Session 1.3A (Room 128): Railway capacity |
Inneke Van Hoeck and Pieter Vansteenwegen. Solving the Timetabling
15:50-16:10 | 95 | and Routing with Order Constraints Problem to Optimize Railway Capacity
Utilization
Jiaxi Li, Jonathan Preston, John Armstrong and Wuyang Yang. Evaluating
16:10-16:30 | 67 | Timetables’ Capacity Utilisation with An Extended Event-activity Network
Method
. . Christopher Szymula, Nikola Besinovic and Karl Nachtigall. Demand-based
16:30-16:50 | 47 . . . .
Capacity Assessment using Mixed Integer Programming
16:50-17:10 | 179 Nadine Friesen, Tim Sander, Karl Nachtigall and Nils NieBen. Modelling

Time in the Timetable-Based Railway Network Design Problem

15:50-17:10

15:50-17:10 ion 1.3B (Room 325): Train delay prediction
15:50-16:10 | 89 Thomas Spanninger and Francesco Corman. Non-stationarity in Train Delay
’ ) =~ | Propagation Analytics Based on Markov Chains
16:10-16:30 | 126 Bisheng He, Fangzhen Shen, Yongjun Zhu, Andrea D’Ariano and Lufeng
) """ | 7=~ | Chen. Train Delay Prediction via Transformer-based Deep Learning Model
16:30-16:50 | 14 Farid Arthaud, Guillaume Lecoeur and Alban Pierre. Transformeurs a
Grande Vitesse
16:50-17:10 | 69 Baihan Huang, Joe Wright and Taku Fujiyama. Examining the Validity of

Using Train Position Data for Railway Traffic Control by Machine Learning

Jacob Trepat Borecka, Nikola Besinovic and Francesco Corman. Real-time

15:50-16:10 | 121 | Mitigation of Power Peaks in Railway Networks using Train Control
Measures
Songwei Zhu, Yihui Wang, Shaofeng Lu and Andrea D Ariano. Lagrangian
16:10-16:30 | 96 |relaxation based speed profile optimization for multiple trains under
virtual coupling with operational state transition
. . Shin Ying Ng, Yan Cheng and Taku Fujiyama. Investigating freight train
16:30-16:50 | 18 . : L . ..
path inefficiency in view of reduction of pollutant emission
Alex Cunillera, Harm Jonker, Gerben Scheepmaker, Wilbert Bogers and Rob
16:50-17:10 | 105 | Goverde. Coasting advice based on the analytical solutions of the train
motion model
17:30-19:00 | IAROR - Board meeting (Board members only) (Room 128)
Thursday, April 27t
KR [0PL0ll Session 2.1A (Room 128): Railway performance Il
09:00-09:20 | 52 Michelle Ochsner, Daria Ivina and Carl-William Palmqvist. Weather-Related
) ) == | Railway Infrastructure Failures in Sweden: An Exploratory Study
09:20-09:40 | 92 Bianca Pascariu, Balraj David, Paola Pellegrini and Grégory Marliére. Railway
) ) == | Traffic Optimization: Robustness to Driving Behaviour Noise
Grace Mukunzi, Emil Jansson and Carl-William Palmqvist. Restoration time
09:40-10:00 | 94 . . . .
for corrective maintenance on the Swedish railway network
10:00-10:20 | 70 Johan Hogdahl and Markus Bohlin. Maximizing railway punctuality: A

microsimulation evaluation of robust timetabling methods

09:00-10:20
09:00-09:20 | 116 Konstantin_os Bigo.s, Egi_dio Quaglietta and Rob M.P. Goverde. Goal-oriented
Self-Organization in Railways
Bishal Sharma, Paola Pellegrini, Joaquin Rodriguez and Neeraj Chaudhary.
09:20-09:40 | 80 | Railway Rescheduling Considering Rerouting of Connecting Trains after

Perturbations
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Leo D'’Amato, Federico Naldini, Valentina Tibaldo, Vito Trianni and Paola
09:40-10:00 | 78 . L . .
Pellegrini. Designing self-organizing railway traffic management
Nina D. Versluis, Paola Pellegrini, Egidio Quaglietta, Rob M.P. Goverde and
10:00-10:20 | 90 |Joaquin Rodriguez. An Approximate Conflict Detection and Resolution
Model for Moving-Block Signalling by Enhancing RECIFE-MILP
(R0 B [0PLe} Session 2.1C (Room 326): Line planning
09:00-09:20 | 79 Sgra Gestrelius, Martin Joborn and Zohreh Ranjbar. Flexible trains in
timetabled traffic
09:20-09:40 | 72 Hongda Wang, Lei Nie, Zhiyuan Yao and Zhenhuan He. Optimization of the
) ) ~= | Combination of Cycle Times for High-Speed Railway Network
09:40-10:00 | 55 !-Iailin Li, Lei Nief Hyiling Fu,- Feng .Gao and Huaibin Hu. Optimizing
incomplete cyclic line plan in a rail network
10:00-10:20 | 67 Yuxin Mo and Lei Nie. Optimization of Periodic Train Timetable Considering
) ) ~ | Adding and Reducing Train Stops
10:20-10:35 | Coffee Break
10:35-11:35
Liyun Yu, Carl Henrik Hall, Anders Peterson and Christiane Schmidt. A MILP
10:35-10:55 | 51 | Model for Rescheduling Freight Trains under an Unexpected Marshalling-
Yard Closure
Kai Liu, Jianrui Miao, Zhengwen Liao, Xiaojie Luan and Lingyun Meng.
10:55-11:15 | 49 | Dynamic constraint and objective generation approach for real-time train
rescheduling model under human-computer interaction
Bowen Gao, Pieter Vansteenwegen, Dongxiu Ou and Decun Dong. Ap-
11:15-11:35 | 63 | plication of reversible tracks in real-time train rescheduling during partial
blockages
10:35-11:35
10:35-10:55 | 20 Minhao Xu, Bin Shuai, Lei Guo, Liandong Li and Zhiwei Shao. Optimization
) : == | of the Inspection Area Districting Plan for Comprehensive Inspection Trains
Stefano Gioia. Line Edge Graphs: a Methodology to Model and Determine
10:55-11:15 | 81 | Generic Lines, Line Plans and Line Type Services in Public Transport
Planning
Alberte Castro, Gerardo Casal, Duarte Santamarina and Miguel Ernesto
11:15-11:35 | 136 | Vazquez-Méndez. Recreation of horizontal alignments with numerical
optimization
10:35-11:35 ion 2.2C (Room 326): Rail yard operation and design
10:35-10:55 | 44 Jiaxi Zhao and C. Tyler Dick. Predicting and Measuring Service Disruption
) : | Recovery Time in Railway Gravity Hump Classification Yards
10:55-11:15 | 42 Jintang Shi, Haodong Li and Pieter Vansteenwegen. The shunting with
) ) —= | service scheduling problem at a Chinese high-speed railway depot
11:15-11:35 | 747 Daniel Haalboom and Nikola Besinovic. Freight train scheduling for

11:40-12:10

— | industrial lines with multiple Railway Undertakings

OTE (Room 125): Resilience in Railway Transport Networks: From
Concepts to Applications (Nikola Besinovi¢)

Lunch Break

Zongran Li, Yao Chen, Yun Bai and Yaling Xiao. Asymmetric demand-

13:00-13:20 | 15 |oriented train scheduling and rolling stock circulation planning with
skip-stop tactic: A Mixed integer linear programming approach
13:20-13:40 | 37 Manuel Brochin, Reto Ramseier and Kaspar Schiipbach. Rolling Stock

Planning with Maintenance Constraints by a Rolling Horizon approach
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Rabii Zahir, Christiane Schmidt and Tomas Lidén. Shift Scheduling for Train

13:40-14:00 | 111 Dispatchers
IRHREE0l Session 2.3B (Room 325): Railway signalling and control systems
13:00-13:20 | 27 Steven Harr.od. Lessons from ERTMS and PTC Implementation in Europe
and the United States
Guillaume De Tiliere, Quentin De Cacheleu and Florian Bonet. Assessing
13:20-13:40 | 170 | the performance of tramway junctions with the mutualisation of rail
signalling
Joelle Aoun, Rob M.P. Goverde, Roberto Nardone, Egidio Quaglietta and Va-
13:40-14:00 | 135 | leria Vittorini. Analysis of Safe and Effective Next-Generation Rail Signalling
Systems using a FTA-SAN Approach
13:00-14:00

Tommaso Bosi, Federico Bigi, Andrea D'Ariano and Francesco Viti. The

13:00-13:20 | 7 |Shunt-In Shunt-Out Problem in Rail Freight Transport: an Event-Based
Simulation Framework for Sustainable Rolling Stock Management
. ) Elias Dahlhaus. Generalized Train Marshalling from Practical View, Develop-
13:20-13:40 | 32 . ; L
ment of the Sorting Requirements and Heuristics
13:40-14:00 | 101 Niloofar Minbashi, Jiaxi Zhao, C. Tyler Dick and Markus Bohlin. Application
’ 7 | 7 | of Simulation-assisted Machine Learning for Yard Departure Prediction
14:10-15:10

Zhiyuan Yao, Lei Nie, Zhenhuan He and Jingzhe Zhou. A Rolling Horizon

14:10-15:10

14:10-14:30 | 16 | Approach to Dense and Heterogeneous Train Timetabling with Skip-Stop
Strategy
Ambra Toletti, Florin Leutwiler, Jullian Jordi, Gabrio Caimi and Francesco

14:30-14:50 | 24 | Corman. Timetabling for Railways in Practice: Examples of Real-world
Constraints

14:50-15:10 | 33 Alexander Kuckelberg. Microscopic routing for mixed granularity routing

requests

Peiran Ying, Xiaoging Zeng, Andrea D'Ariano, Dario Pacciarelli and Haifeng

15:10-15:50

14:10-14:30 | 37 |Song. Energy-efficient High-speed Train Driving Considering Neutral Zone
and Time window
Ziyulong Wang, Egidio Quaglietta, Maarten Bartholomeus, Alex Cunillera
14:30-14:50 | 21 |and Rob Goverde. Conflict-free train path planning using ATO timing
points
14:10-15:10
. . Yuan Chen, Minyi Cai, Haodong Li and Jiagi Ding. Data-driven based
14:10-14:30 | 97 | . : . X . .
circular train design of railway freight transportation
14:30-14:50 | 45 Sigiao Li, Xiaoning Zhu, Pan Shang and Li Wang. Multi-objective Express
’ ’ ~= | Shipment Service Network Design for High-speed Railway Networks
Vladan Nikolic. Strategies for the Improvement of Rail Freight Transport
14:50-15:10 | 145 | Between the Republic of Turkey and Republic of Serbia: A Case Study Using
A'WOT Model
15:10-15:50 | Coffee Break

IER R BRI Poster session (Hall Il Floor)

Tamme Emunds, Mariia Anapolska, Christina Blsing and Nils NieBen.
30 | Developing Event-Action Network Heuristics for Real Time Traffic
Management in Urban Railway Transit
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15:10-15:50

Bertram Ludwig and Philipp Kastberger. Towards Automated Railway
Operations - TARO

15:10-15:50

Milan Dedik, Zdenka Bulkova, Lumir Peceny and Martin Vojtek. Potential of
the long-distance railway transport routes in the post-pandemic period in
Europe

15:10-15:50

Yingsi Huang, Yuyan Tan, Yafeng Ma, Zizhen Zhao and Yaxuan Li. Railway
Passenger Kilometers Forecasting with Combined Multi-Grey Neural
Network Model

15:10-15:50

Atieh Kianinejadoshah and Stefano Ricci. Combined Lines-Nodes Capacity
Assessment in Freight-Passengers Complex Railway Networks

15:10-15:50

Ruyue Zhao, Lingyun Meng, Nikola Besinovi¢, Jianrui Miao, Xiaojie Luan,
Yihui Wang and Zhengwen Liao. Dynamic Train Priority Rescheduling
Model with Mixed Passenger and Freight Traffic using A Rolling Horizon
Solution Approach

15:10-15:50

Viera Klasovitd and Francesco Corman. Line Planning for Time-Varying
Passenger Demand in Railways

15:10-15:50

Fabrizio Cerreto, Paola Pellegrini, RéEmy Chevrier and Fabrizio Tavano.
Assessing self-organization algorithms for railway traffic: the selection of
three case studies for the SORTEDMOBILITY research project

15:10-15:50

Matea Mikulci¢, lvica Ljubaj and Zvonimir Zelenika. Initiating Wireless
Railway Network Planning with FRMCS in Croatia

15:10-15:50

Diwen Shi and C Tyler Dick. Simplified Train Consist Planner to Drive
Simulations of Alternative Energy Locomotive Deployment Strategies to
Lower the Carbon Emissions of Freight Rail Transportation

15:50-17:10

15:50-16:10

Louis Fourcade, Stéphane Dauzére-Péres, Juliette Pouzet and Vincent
Chmielarski. Analyzing the impact of integrated train path selection and
rolling stock planning in railway freight transportation

16:10-16:30

Wenhao Zhu, Tao Zhang, Zhipeng Ying and Lingyun Meng. Considering
Dispatcher’s Intention in Real-time Train Rescheduling Problem Under a
Human-Computer Interaction Framework

16:30-16:50

Tao Han, Yuguang Wei, Huaixiang Wang and Yang Xia. Optimization of
train timetabling for Container Trains under Passenger Transport Mode in
Railway Corridors

16:50-17:10

Xiajie Yi, Grégory Marliere, Paola Pellegrini, Joaquin Rodriguez and
Raffaele Pesenti. Coordinated train rerouting and rescheduling in large
infrastructures

15:50-17:10

15:50-16:10

Zishuai Pang, Liwen Wang, Li Li and Qiyuan Peng. A Hybrid Machine
Learning Model for Train Dwelling Time Prediction Addressing Passenger
Flow Fluctuations

16:10-16:30

Adrian Wagner, Ulrich Pernull, Philipp Graf and Frank Michelberger. Impact
of the Digital Automatic Coupling for single wagonload transport

16:30-16:50

Dimitris Kouzoupis, Ishan Pendharkar, Jonathan Frey, Moritz Diehl and
Francesco Corman. Embedded Model Predictive Train Control

16:50-17:10

Steffen Schéfer, Lucas Greiner-Fuchs, Tobias Hofmeier, Philipp Koch and
Martin Cichon. Virtual Validation Method of Automated On-Sight Driving
Systems for Shunting Operations
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15:50-17:10 | Si=0

on 2.5C (Room 326): Railway simulation and digital twins
Geordie Roscoe, Matthew Parkes and C. Tyler Dick. Evaluating the Potential

15:50-16:10 | 129 | for Platoons of Self-Propelled Autonomous Railcars (SPARCs) to Provide
Short-Haul Intermodal Service on Low-Density Rail Corridors
. . Andrew Nash, Giorgio Medeossi and Mike Bagshaw. Agile Simulation: An
16:10-16:30 | 12 : . TN .
approach for increasing optimisation in railway planning.
Zhuang Li, Hongxiang Zhang, Wen Wen, Bisheng He, Yuan Wang and
16:30-16:50 | 125 | Gongyuan Lu. Evaluating Car-to-Train Assignment Strategies for the
Railway Marshalling yard using a Multi-Agent Simulation Approach
16:50-17:10 | 82 E:tssan Jeremi¢ and Sanjin Milinkovic. Single track dispatching using Petri
17:30-19:00 | IAROR - Business Meeting (IAROR members only) (Room 128)
Friday, April 28"
09:00-10:00 ion 3.1A (Room 128): Railway capacity Il
09:00-09:20 | 4 | Alex Wardrop. Understanding Railway Line Capacity
Nicola Coviello, Giorgio Medeossi, Thomas Nygreen, Paola Pellegrini and
. ) Joaquin Rodriguez. A multi-objective framework for strategic railway
09:20-09:40 | 36 | .. S . P 2
timetabling: integration of ant colony optimization and mixed integer
linear programming
09:40-10:00 | 70 Alex Landex and Lars Wittrup Jensen. Capacity gains with virtual sub-

09:00-10:00

09:00-09:20

ion 3.1B (Room 325): Rolling stock and crew scheduling Il

sections in the ETCS Signaling System

Shan Jiang, Yongxiang Zhang, Qiyuan Peng, Tianyin Zhao, Tao Feng and
Jiawei Lu. Real-time train timetable and rolling stock circulation plan
rescheduling in an urban rail transit network: an integrated optimization
approach

09:20-09:40

102

Mariana De Almeida Costa, Tiago Alves, Anténio Ramos
Andrade and Francesco Corman. A Hybrid Bogie Maintenance Approach to
Optimize Railway Fleet Availability

09:40-10:00

09:00-10:00

ion 3.1C (Room 326): Rail freight transport Il
Peiran Han, Lingyun Meng, Nikola Besinovi¢, Xiaojie Luan, Zhengwen Liao,

Arturo Crespo Materna, Cedric Steinbach, Andreas Oetting and Shanging
Chai. Towards a Generic Heuristic Approach for the Real-Time and
Automatic Schedule Adjustment

09:00-09:20 | 71 |lJianrui Miao and Yihui Wang. Optimizing Resource Planning in Shunting
Yard with Constraint Programming
Predrag Grozdanovi¢, Milo$ Nikoli¢, Milica Selmi¢ and Dragana Macura.
09:20-09:40 | 40 | Prediction of the Freight Train Energy Consumption with the Time Series
Models
09:40-10:00 | 8 Gaurav Kumar and Akhilesh Kumar. Optimization Models for Rail Freight
’ ) = | Operators: A Case Study of Indian Special Freight Train Operator
10:00-10:15 | Coffee Break
LCRERRREY Session 3.2A (Room 125): Timetabling IV
. . Zhiwen Jiang, Yun Bai and Zongran Li. Cross-line Train Service Planning
10:15-10:35 | 58 A
considering Passenger Travel Demand after Large Events
10:35-10:55 | 48 Jianhao Ge, Pengling Wang and Xiaofang Xiao. Timetable Optimization for
) ) ~— | Sharing-Corridor Metro Lines under Virtual Coupling
Tianqi Li, Lei Nie and Rob Goverde. Periodic train timetable expansion: An
10:55-11:15 | 142 | integrated model of multi-period train service selection and rolling stock

circulation with time-varying passenger demand
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LOREREREN Session 3.2B (Room 325): Passenger flows
Nattanon Luangboriboon, Marcella Samd, Andrea D’Ariano and Taku
10:15-10:35 | 28 |Fujiyama. Assessment of Passenger Management Strategies within Public
Transport Terminals
. . Yasufumi Ochiai. An algorithm to estimate dwell time of trains based on
10:35-10:55 | 65 L . . s
association rules for real-time train traffic prediction
. . Ruben A. Kuipers, Natchaya Tortainchai, Neba C. Tony and Taku Fujiyama.
10:55-11:15 | 115 - ) . D . .
Dwell-time Station-Service analysis using Rasch analysis technique
IORERRREN Session 3.2C (Room 326): Rail governance and economics
Igor Domeny, Anna Dolinayova, Michal Valla and Zuzana Zidova. The Issue
10:15-10:35 | 3 | of Fares Measures in Passenger Railway Transport in the Context of a Modal
Share of Railway Transport
Predrag Jovanovi¢, Milo$ Nikoli¢ and Dragana Macura. Selection of the
10:35-10:55 | 132 | Optimal Railway Public Services Regarding External Costs and Transport
Market Structure
10:55-11:15 | 740 Nikola Risti¢, Pavle Kecman and Predrag Jovanovi¢. Optimal Allocation of
: *7 |7/ | Waste Transfer Facilities for Infrastructure Manager
IRPIRPXON Session 3.3A (Room 125): Timetabling V
Yuma Mouri, Kazushige Yonemoto and Norio Tomii. Evaluation of Delay
11:20-11:40 | 35 |Reduction Measures based on Visualization of Historical Train Traffic
Records and Data-Driven Simulation
. . Fabrizio Cerreto. Station capacity assessment with probabilitstic approach:
11:40-12:00 | 131 ; Lo
a case for Ringsted station in Denmark
11:20-12:00
Ping Huang, Thomas Spanninger and Francesco Corman. A train delay
11:20-11:40 | 171 |propagation model based on Bayesian networks for probabilistic delay
prediction
Florian Hauck, Albrecht Giith, Natalia Kliewer and David RéBler. Applying
11:40-12:00 | 41 | Generative Adversarial Networks to Generate Synthetic Train Trip Data for
Train Delay Predictions
11:20-12:00
Ranfei Zheng, Jianrui Miao, Zhengwen Liao, Xiaojie Luan, Hongjun Ning,
11:20-11:40 | 64 Lingyun Meng, Nikola Besinovic and Rongbin Liu. A high-speed railway
’ : = | traffic control approach with local-rerouting and adaptive rescheduling
range
Xiaoyu Hou, Xiaojie Luan, Zhengwen Liao, Jianrui Miao and Lingyun Meng.
11:40-12:00 | 137 | Dispatching Strategy for Cross-bureau and Cross-line Trains in Railway
Network Operations
12:00-12:15 | CLOSING CEREMONY (Room 125)
12:15-13:00 | Lunch Break
13:15-17:00 | Technical Visit
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Location

RailBelgrade 2023 will be held at University of Belgrade — The Faculty of Transport and
Traffic Engineering. All activities (except for the conference dinner and technical visit)
will take place in the faculty building, specifically:

Parallel sessions
of the conference
will be held

in rooms 125, 128
(floor level 1),
325 and 326
(floor level 3).

Floor Level 1 Toilets

Keynote speeches
will be held

in room 125
(floor level 1).

Mini course
will be held
in room 128
(floor level 1).

Floor Level 3
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=

126} —

1=>Secondary entrance
—(Room125)—

=1 (R

(R[]
%%[

Hall

Exhibition stands & Coffee break stations

L1 1l 1l

Room 217
Exhibition
room

Exhibitors

and poster
presentations area
will be located

in a hall

(floor level 2).

Floor Level 2

Welcome reception
and conference
lunches

will take place

in a dining area
(floor level 4).

Floor Level 4

Venue and Contact Information:

RailBelgrade 2023

University of Belgrade — The Faculty of Transport and Traffic Engineering
Address: Vojvode Stepe 305, Belgrade 11010

E-mail: railbelgrade2023@sf.bg.ac.rs
Phone: +381 11 30 96 207
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Keynote Speakers
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MILP Reformulations for Train Timetabling
and Dispatching: Recent Advancements

Carlo Mannino
Professor

SINTEF Digital, Oslo; University of Oslo, Norway

Abstract:

Train timetabling and train dispatching are two very related and central problems in
the railways industry. They share a common core problem, that is routing and schedul-
ing trains through a rail network, respecting business rules, while ensuring all safety
rules. Mixed integer linear programming (MILP) models for such core problem have
been studied and developed for at least a half a century. Nevertheless, you could
count the actual real-life implementations on the fingers of one hand. The main rea-
son for this gap between theory and application is simply that the standard models
are extremely hard to solve for the size and complexity of real-life instances of some
practical interest. Luckily, recent decomposition approaches have proven to be very
effective in shortening computational times and reducing this gap. In this keynote we
present some recent developments in Benders’ decomposition and reformulation for
train timetabling and dispatching. The main idea of this approach is to drop many vari-
ables and complicating constraints and replace them with suitable (and hopefully few)
constraints in the remaining variables. The new constraints are in correspondence with
the directed cycles and trees of a certain graph associated with the instance of train
routing and scheduling. In a few recent articles, it is shown how this decomposition
approach (or its derivations) can lead to significant speed-ups in the solution process.
Successful real-life applications are also presented.

About Carlo Mannino:

Carlo Mannino is senior scientist in the department of mathematics and cybernetics
at SINTEF DIGITAL, Oslo, and part-time full professor at the University. He has over
70 publications, including several top journals in mathematical optimization and op-
erations research. His scientific research was focused on mathematical programming
approaches for scheduling and network optimization. He has also been interested in
practical applications of operations research. He received the EURO Excellence in Prac-
tice Award 2009 and the AIRO Best Application Paper award in 2014 for his work on
railways optimization, and the INFORMS Best Telecommunication Paper Award 2014.
He is associate editor of Operations Research.
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High-Speed Rail Transport Systems: Analysing,
Modelling, and Evaluating

Milan Jani¢

: & Research Professor,
; L University of Belgrade, Serbia

Abstract:

This keynote speech presents an approach to analyzing, modelling, and evaluating
three HS (High Speed) rail-based transport systems: High-Speed Rail (HSR), Trans Rapid
Maglev (TRM) and Hyperloop (HL). A methodology consisting of two components has
been developed for this purpose. The first component includes analytical models of
indicators of performances for the systems to be analyzed. Given the characteristics of
infrastructure and rolling stock representing the systems’ infrastructural and technical/
technological performances, the indicators of operational, economic, environmental,
and social performances have been defined and modelled respecting the interests and
preferences of particular actors/stakeholders involved. These actors/stakeholders com-
prise users/passengers, the systems’ transport operators, local, regional, and national
authorities and investors, and community/population members. The other component
includes the SAW (Simple Additive Weighting) method which uses these indicators
as criteria for a multi-criteria evaluation of the systems. The methodology has been
applied to a real case study assuming that the three HS systems operate exclusively
according to the “what-if’ scenario approach. The results indicate that, under the given
conditions, the HL emerges as a preferable alternative compared to its TRM and HSR
counterparts.

About Milan Jani¢:

Dr Milan Janic¢ is a transport and traffic engineer and planner. At present, he is a
Research Professor at the Faculty of Traffic and Transport Engineering, University of
Belgrade, Belgrade, Serbia. Previously, he was Senior Researcher at the Transport &
Planning Department of the Faculty of Civil Engineering and Geosciences and a Leader
of the Research Program in the OTB Research Institute at Delft University of Technol-
ogy (Delft, The Netherlands), Manchester Metropolitan University and Loughborough
University (UK), and the Institute of Transport of the Slovenian Railways (Slovenia).

Dr Jani¢ has been involved in many research and planning projects at both national
and international scale for almost forty years. He has also published numerous papers
in the peer-reviewed scientific and professional journals. In addition to contributing to
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many edited books, he has been the author of ten book monographs, including: ‘Re-
silience, Robustness, and Vulnerability of Transport Systems: Analysis, Modelling, and
Practice’; ‘System Analysis and Modelling in Air Transport: Demand, Capacity, Qual-
ity of Services, Economic, and Sustainability’ ‘Advanced Transport Systems: Analysis,
Modelling, and Evaluation of Performances, ‘Greening Airports: Advanced Technology
and Operations, and the co-author of the book ‘Transportation Engineering: Theory,
Practice, and Modelling; 1st and 2nd Ed.).

As well, Dr Janic¢ is and used to be a member of Editorial Boards of several transport
research-related journals, and the international associations and conferences. Dr
Jani¢ was also among Stanford’s World’s Top two percent scientists during the period
2019-2020.
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Resilience in Railway Transport Networks:
From Concepts to Applications

Nikola Besinovi¢
Head of the Chair of Rail and Public Urban Transport,

Technical University of Dresden, Germany

Abstract:

The rising transport demand increases the congestion in railway networks and thus
they become more interdependent and more complex to operate. At the same time,
an increasing number of disruptions due to system failures as well as climate changes
can be expected in the future. As a consequence, many trains are cancelled and exces-
sively delayed, and thus, many passengers are not reaching their destinations which
compromises customers need for mobility. In this talk, we introduce the concepts
of resilience, particularly focussing on railway transport systems. A brief overview of
internal and external disruptive events will be presented. We then elaborate on differ-
ent approaches for assessing and improving resilience of the railway transport system
including their specific advantages and disadvantages. Diverse aspects will be covered
including planning and real-time applications covering different resilience stages.
Finally, several examples will be demonstrated such as monitoring the system’s resil-
ience based on the historical disruption data, assessing vulnerability of the networks
including the infrastructure impacted by floods, and responding and recovering from
the system’s failures.

About Nikola Besinovic:

Nikola Besinovic is a Head of the Chair of Rail and Public Urban Transport at Techni-
cal University of Dresden, Germany. Previously, he was a Lecturer and Researcher at
Delft University of Technology, The Netherlands. He has a PhD in Railway Transport
(2017) from Delft University of Technology, and a MSc in Operations Research (2011)
and BSc in Railway Transport and Traffic Engineering (2009) both from University of
Belgrade. Nikola's research develops analytics and optimization methodologies to
promote efficient, reliable and sustainable railway transport systems. His main focus
is on resilient transport concepts, combining Al and optimization, and improving ca-
pacity of infrastructure and multimodal operations. Nikola received several scientific
awards, including the Young Railway Operations Researcher Award from IAROR, the
TRAVISIONS Young Researcher Award, and the Best IEEE ITS Dissertation Award. He is a
Chair of INFORMS Railway Application Section.



10™ International Conference on Railway Operations Modelling and Analysis

25

Abstracts
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Session 3.2C: Rail governance and economics
Submission type: Research paper
Presentation type: Oral

Paper ID: [3]

The Issue of Fares Measures in Passenger Railway Transport
in the Context of a Modal Share of Railway Transport

Igor Domeny, Anna Dolinayova, Michal Valla and Zuzana Zidova.

University of Zilina

The passenger railway market sector is in general known as an example of a regulated
market. To achieve the sustainable and green mobility available to everyone regardless
of their social situation, it is necessary to regulate the fares by the responsible public
authority. In the European Union, there is not a uniform approach to the fare’s meas-
ures, and they vary from country to country. Some countries have also introduced free
transport or significant discounts for selected groups of passengers, such as children,
students, and pensioners, which has brought up a question if such a strong measure
is efficient from the social point of view. On one side, this approach would change
the transport behaviour of socially disadvantaged groups of population, on the other
side, it can lead to an outflow of fully paying passengers due to a lower comfort and
quality of services. In this paper, we present an overview of social discounts in railway
transport in European Union member states and evaluate the impact of selected fares
measures on the transport performances and changes in a modal split. For this evalua-
tion, we use the methods of trend modelling and forecasting.

Keywords
Passenger transport, Fares, Social discounts, Exponential smoothing



28 10%" International Conference on Railway Operations Modelling and Analysis

Session 3.1A: Railway capacity Il
Submission type: Industrial paper
Presentation type: Oral

Paper ID: [4]

Understanding Railway Line Capacity

Alex Wardrop

Independent Railway Operations Research Consultant

There are transport planners, who are not railway operations analysts, but who still
need to know about railway operational matters. This paper is thus meant for them
with simple, but realistic, metrics so that they are able to carry out preliminary project
evaluations before more detailed examinations are carried out. They need to under-
stand line capacity, a railway’s key property. If there is surplus line capacity then train
flows can be increased, but they have to be the “right” train flows in order to do so.
So if trains run at different speeds in the flow, then line capacity might be lost and a
project might need extra track to recover. However, if a project entails increasing the
numbers of similar trains, it may only be necessary to augment signalling. This is still
not a costless exercise but is generally less expensive than building additional tracks.
Nevertheless, it is assumed that we actually know what the current line capacity is and
the extent to which it can be exploited. For non-railway practitioners, this paper simpli-
fies how line capacity can be estimated without recourse to detailed analytical analysis
or train performance simulation, so that they can apply the methodology. It breaks
down the analysis into plain track, junction and terminus signalling and introduces
the impacts of station dwell and terminus layover times. It then uses the suburban
railways of Wellington, New Zealand, as test beds for applying the methodology and
understanding some of the complications of estimating real world line capacity.

Keywords
Headways, Junctions, Termini, Line Capacity, Suburban Railways
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Session 2.5B: Digital Automated Train Operation
Submission type: Research paper

Presentation type: Oral

Paper ID: [5]

A Hybrid Machine Learning Model for Train Dwelling Time Prediction
Addressing Passenger Flow Fluctuations

Zishuai Pang, Liwen Wang, Tianyin Zhao, Qiyuan Peng and Li Li.

Southwest Jiaotong University School of Transportation and Logistics

Train timetables and operations are restricted by the train running time in sections,
dwell time at stations, and headways between trains. Accurate estimation of these fac-
tors is essential to decision-making during train delays. In the present study, we pro-
pose a train dwell time prediction model based on a voting mechanism and dynamic
updating to address the challenges in the train dwell time prediction problem (e.g.,
dynamics over time and spatiotemporal relationships of factors). The voting mecha-
nism in the present study is based on multiple base predictors, enabling the proposed
model to integrate the advantages of the base predictors in addressing the challenges
in terms of data attributes and data distributions. Then, considering the influence of
passenger flow on train dwell times, we use a dynamic updating method based on
exponential smoothing to improve the performance of the proposed method by con-
sidering the real-time passenger amount changes. Based on data from the Chinese
high-speed railway line, the experimental results show that, due to its advantages over
the base predictors, the voting mechanism can more accurately predict the dwell time
at stations than its counterparts. Further, the experimental results exhibit that dynamic
smoothing can significantly improve the accuracy of the proposed model during pas-
senger amount changes.

Keywords
Train operations, Dwell time, Passenger flow, Voting mechanism, Dynamic smoothing
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Session 2.3C: Rail freight transport |
Submission type: Research paper
Presentation type: Oral

Paper ID: [7]

The Shunt-In Shunt-Out Problem in Rail Freight Transport: an Event-Based
Simulation Framework for Sustainable Rolling Stock Management

Tommaso Bosi?, Federico Bigib, Andrea D'Ariano? and Francesco VitiP.

9 Roma Tre University
b University of Luxembourg

The European Union plans to double the freight rail traffic by 2050 both to cut pollu-
tion emissions and to mitigate congestion by shifting traffic from road to rail networks.
One of the challenges is to minimize emissions and high costs associated with shunt-
ing yard operations while maintaining an acceptable service level. In this context, we
propose an Event-Based Simulation Framework for wagon Shunt-in and Shunt-out
operations. The Event-Based Simulation Framework exploits programming tools and a
MILP model to minimize the number of Shunt-in and Shunt-out operations performed
and, consequently, both strategic and tactical objectives such as the wagon fleet size,
departure delays and emissions of shunting locomotives. Several versions of the MILP
model are described based on the Shunt-in policy applied. Each Shunt-in policy has
different criteria for wagon's choice and has shown a strong goal orientation. To test
the MILP model's effectiveness, we have considered short and long-term real train
timetables for freight trains in the Bettemburg Eurohub Sud Terminal (Luxembourg)
and we have assessed different KPIs linked to tactical and strategic objectives. Com-
putational results show that the criteria for choosing which wagons should be taken-
out from the inbound train and should be inserted into the outbound train might
significantly impact multiple rail system KPIs analyzed. The Event-Based Simulation
Framework is part of the ANTOINE national project financed by CFL (Chemins de fer
luxembourgeois) and is considered an add-on tool to Shunty, an industrial software
project for rail decision-makers.

Keywords
Freight Rail Operation, Shunting Operation, Rolling Stock Maintenance, Multimodal
Transport Systems, Decision Support System
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Session 3.1C: Rail freight transport Ill
Submission type: Research paper
Presentation type: Oral

Paper ID: [8]

Optimization Models for Rail Freight Operators: A Case Study
of Indian Special Freight Train Operator

Gaurav Kumar? and Akhilesh Kumar®.

9 Indian Institute of Technology Kharagpur
b Indian Institute of Management Raipur

Rail freight is crucial to any nation's economic development because it delivers effi-
cient and cost-effective freight services. For strategic decision-making and operational
policy development, rail freight operators (RFOs) should create relevant and integrated
operations research models. This study combines the benefits of private investment in
rolling stock and express transport services. This research involves resolving fleet plan-
ning difficulties for RFOs for moving rakes throughout the country via express or ordi-
nary transport service at record transit times. First, we formulate a mixed-integer linear
programming (MILP) mathematical model as an integrated model of optimal mixed
fleet size, rake assignment, and rake scheduling for RFOs that maximizes revenue by
incorporating both ordinary and express transport services. Furthermore, we propose
a Two-phase Greedy Search Heuristic for larger and more complicated problems. The
first phase determines the optimal number of rakes and rake types using a Mixed Fleet
Size Heuristic. Then we tackle the rake assignment and scheduling issues by utilizing
the Greedy Search Rake Schedular Heuristic and prior phase output. Moreover, with
a mixed fleet size, rake assignment, and schedule, the model aims to explain how to
achieve the optimal trade-off between freight prices, turnaround time, and ordinary-
express service selection. A greedy search rake schedular heuristic for small and me-
dium instances produced results almost as excellent as those achieved using an exact
method (CPLEX). This heuristic technique produces near-optimal solutions for all large
instances in very few seconds. Thus, RFOs' daily operations and future market potential
can be better managed using these models.

Keywords
Mixed integer linear programming, Heuristics, Rail Freight Operator, Express freight
transport service, Fleet Planning
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A train delay propagation model based on Bayesian networks
for probabilistic delay prediction

Ping Huang?, Thomas Spanninger® and Francesco Corman®.

9 Southwest Jiaotong University
b ETH Zurich

In this study, train delay propagation was modeled by a stochastic model, called
Bayesian networks (BN), for probabilistic delay prediction. The aim is to use the prob-
ability inference in the BN to quantify the probabilities of potential future situations
by probabilistic prediction of train delays, given the stochastic essence of railway
transport systems (e.g., the epistemic and aleatoric uncertainty in delay predictions).
To overcome the drawback of the existing graph- or network-based train delay propa-
gation models that were only built on train delays, we introduce three planned time-
table-based parameters in the BN model to enable the proposed BN structure, called
context-driven BN (CBN), to recognize the context information in train operation. The
CBN model is calibrated on the train operation data from the Swiss railway network.
The results show that the context information improves the accuracy and lowers the
variance of the model, compared against the standard models without considering
the parameters. In addition, the model is established based on updating time horizons
(multiple updating time horizons form the prediction horizon), making it capable of
performing short-distance (e.g., 5 or 10 minutes ahead) and long-distance (e.g., 1 hour
ahead) predictions. Therefore, the CBN model is able to predict the delays (at each
checkpoint) in the prediction horizon, and the prediction can be dynamically updated
when train delays are observed over train operations. Finally, the model is based on
the network-based model, making it remain the interpretable and easy-understanding
quality of network- and graph-based models.

Keywords
Train delays, probabilistic prediction, context information, Bayesian networks
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Agile Simulation: An approach for increasing optimisation
in railway planning.

Andrew Nash?, Giorgio Medeossi® and Mike Bagshaw®.

a St Poelten University of Applied Sciences
b University of Trieste
¢MTR UK

This paper defines agile simulation as embedding simulation experts into railway plan-
ning processes. It identifies five key advantages of agile simulation and recommends
that railways use agile simulation to increase the effective use of simulation in all types
of planning projects. The paper is based on the hypothesis that increasing the use of
simulation would improve railway efficiency and service quality. The paper is based on
experience operating London’s Elizabeth line service since 2015.

Keywords
Simulation, Timetables, Strategic Planning, Elizabeth line, Agile Simulation
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Optimization of train timetabling for Container Trains
under Passenger Transport Mode in Railway Corridors

Tao Han?, Yuguang Wei?, Huaixiang WangP and Yang Xia?.

9 Beijing Jiaotong University
b China Academy of Railway Sciences Corporation Limited

The railway container system under passenger transport mode plays an important
role in improving the efficiency of railway container transport in China and promoting
the competitiveness of the railway in the market of high value-added freight market.
With the aim of minimizing the total dwell time of trains, this paper optimizes the
schedules for the passenger train-like container trains with different operation zones
in railway corridors. Furthermore, we consider the specific assignment of containers
to trains and ensure that the train dwell time at stations is sufficient to complete the
container loading and unloading operations. A mixed integer linear programming
model is formulated by considering whether the arrival time of the train is convenient
for the clients to pick up the goods, the freight transit period and the allocation of
the arrival-departure tracks. The proposed model is solved using the CPLEX solver. The
numerical experiments were implemented on the Lianyungang-Alataw pass corridor
to demonstrate the effectiveness of the proposed method.

Keywords
Railway container transport, Passenger transport mode, Train scheduling, China Railway
Express
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Transformeurs a Grande Vitesse

Farid Arthaud?, Guillaume Lecoeur® and Alban Pierreb.

9 Massachusetts Institute of Technology
b SNCF Réseau

Robust travel time predictions are of prime importance in managing any transporta-
tion infrastructure, and particularly in rail networks where they have major impacts
both on traffic regulation and passenger satisfaction. We aim at predicting the travel
time of trains on rail sections at the scale of an entire rail network in real-time, by esti-
mating trains’ delays relative to a theoretical circulation plan.

Predicting the evolution of a given train’s delay is a uniquely hard problem, distinct
from mainstream road traffic forecasting problems, since it involves several hard-to-
model phenomena: train spacing, station congestion and heterogeneous rolling
stock among others. We first offer empirical evidence of the previously unexplored
phenomenon of delay propagation in a railway network, leading to delays being
amplified by interactions between trains. We then contribute a novel technique using
the transformer architecture and pre-trained embeddings to make real-time massively
parallel predictions for train delays at the scale of the whole rail network (over 3k trains
at peak hours, making predictions at an average horizon of 70 minutes). Our approach
yields very positive results on real-world data when compared to currently-used and
experimental prediction techniques.

Keywords
operations research, complex systems, traffic forecasting, propagation forecasting,
transformer model, delay propagation
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Asymmetric demand-oriented train scheduling and rolling stock
circulation planning with skip-stop tactic: A Mixed integer
linear programming approach

Zongran Li, Yao Chen, Yun Bai and Yaling Xiao.

Beijing Jiaotong University

The existing symmetric strategy, providing equal service frequencies in two directions,
cannot adapt to the asymmetric passenger demand on metro lines. This study proposes
an asymmetric strategy combing skip-stop tactics, which schedules more train services
for the oversaturated-demand direction and executes some express trains for the un-
dersaturated direction to accelerate rolling stock circulation. Meanwhile, we integrate
the rolling stock circulation into the asymmetric demand-oriented train scheduling
problem and formulate it as a mixed integer linear programming (MILP) model. Some
realistic constraints including capacity limitation and the rigid first-come-first-serve
(FCFS) principle are explicitly considered. Due to the model complexity, a decomposi-
tion method embedded with linear programming (LP) relaxation is developed. Based
on given service frequencies, this method divides the original bi-objective model into
multiple single-objective models and solves them directly by relaxing the rigid FCFS
constraints. To further improve the solution efficiency in a large-scale instance, we
also propose a decomposed-based model by solving the asymmetric schedule in each
direction separately. Case studies verify the effectiveness of the proposed method.
Compared to symmetric with all-stop strategies, our proposed asymmetric strategy
can reduce passengers’ total travel time by 5.24%, without increasing the operating
cost.

Keywords
Metro line, Asymmetric passenger demand, Train scheduling, Skip-stop train,
First-come-first-served principle
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A Rolling Horizon Approach to Dense and Heterogeneous
Train Timetabling with Skip-Stop Strategy

Zhiyuan Yao, Lei Nie, Zhenhuan He, Jingzhe Zhou and Lu Tong.

Beijing Jiaotong University

As the passenger demand for high-speed railway continues to grow and calls for di-
versified and hierarchical train services, great challenges have been posed for railway
companies to design a feasible timetable that can schedule the specified large number
of train lines which are heterogeneous in terms of speed and origin-destination. To
efficiently solve the train timetable of one day period, this paper designs a rolling
horizon approach to split the whole period into several time slices based on which
the timetable optimization is quickly performed. The interactions of trains among dif-
ferent time slices are carefully handled. Further, flexible skip-stop strategy is designed
to improve the feasibility of train timetable. The proposed approach is tested on the
real-world case study of China’s Beijing-Shanghai high-speed railway with the practical
line plan.

Keywords
Train timetabling, Skip-stop strategy, Rolling horizon approach
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Investigating freight train path inefficiency
in view of reduction of pollutant emission

Shin Ying Ng?, Yan Cheng® and Taku Fujiyama®.

a Centre of Transport Studies, University College London
b State Key Laboratory of Road and Traffic Engineering, Tongji University

Many freight trains are still diesel-powered, and their emission cannot be ignored.
This research proposed a framework to evaluate the path inefficiency due to stops in
the middle of their journeys and the associated emission from idling and reaccelera-
tion. The framework includes Number of stops, Stopping time, Stopping percentage,
and was applied to integrated datasets from January to June 2022 in Great Britain.
We found that each diesel freight train made on average 1.34 stops, with an average
summed stopping times of 17.2 minutes and a stopping percentage of 6.89%. It was
estimated that in that 6-month period, 53.1 ktonnes of CO, were emitted. Domestic
intermodal accounted for 60% of total emissions. Early or late departure at the origin
from the scheduled time may have affected journey time, but have not increased
emission to a great extent. This framework could be used in the evaluation of railway
timetables and operation management at the national level.

Keywords
Freight trains, Timetable path inefficiency, Stops and idling time, Commodity type analysis,
Emission and environmental impact
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Extracting Railway Passenger Demand Patterns from Origin-Destination
Data for Developing Demand-Oriented Service Plans

Renate J.H. van der Knaap? Menno de Bruyn"’, Niels van Oort?,
Dennis Huisman® and Rob M.P. Goverde?®.
9 Delft University of Technology

bNS
¢ NS & Erasmus University Rotterdam

Train passenger demand fluctuates throughout the day and week and these fluc-
tuations are expected to increase due to the COVID-19 pandemic. In order to let train
services, such as the line plan and timetable, match this fluctuating demand, insights
are needed into how the demand is changing and for which periods the demand is
relatively stable. Hierarchical clustering on origin-destination (OD) data is used to
determine for each workday continuous time-of-day periods in which the passenger
demand is homogeneous. The periods found for each workday are subsequently used
as input in a clustering algorithm to look for similarities and differences between work-
days. Both normalized and regular OD matrices are tested as input for the method. In
normalized OD matrices, only the structure of the demand is captured, while in the
regular OD matrices both the structure and the volume of the demand are included.
The methods for finding homogeneous periods in demand during the day and week
are applied to a case study covering a large part of the railway network in the Neth-
erlands. We find large differences between the periods based on regular OD matrices
and those based on normalized OD matrices. The periods based on regular OD matri-
ces seem more appropriate to use as input for designing a service plan. Comparison of
the periods over the week shows that mainly the peak periods on Friday are far away
from Monday to Thursday, and hence could benefit from an altered service plan.

Keywords
Railway passenger demand patterns, Origin-destination data, Clustering, Homogeneous
periods
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Optimization of the Inspection Area Districting Plan
for Comprehensive Inspection Trains

Minhao Xu?, Bin Shuai?, Lei Guo®, Liandong Li® and Zhiwei Shao®.

9 Southwest Jiaotong University
b China Academy of Railway Sciences Corporation Limited

The quality of the inspection area districting plan for the Comprehensive Inspection
Trains (CIT) has a direct impact on the formulation of subsequent plans, which in turn
affects the operational safety of the high-speed railway (HSR). However, it relies on
manual programming and adjustment for long time, which makes it difficult to ensure
the rationality and fairness of the districting plan. For solving this problem, we con-
struct a mixed-integer linear programming model, which aims to minimize the task
volume deviation among CITs and optimize the compactness of each CIT sub-network,
comprehensively considering constraints such as line coverage integrity, inspection
under up-to-speed conditions, line-vehicle special attribute matching, and inspection
area connectivity. The model we design linearly expresses complex matching relations
with downward compatibility characteristics, and gives a connectivity determination
method under non-unique matching relations by constructing a multi-commodity
network flow model. Finally, we improve the traditional ideal point method to linearize
the bi-objective into single-objective, and design various test cases to analyze the ef-
fects of the input conditions on the solution quality and solution speed. The results
show that the key factors affecting the quality of the districting plan are the heteroge-
neity of CIT speed levels and the compatibility of CIT with special lines, and conclude
that the network size and the number of CITs have the most significant effect on the
solution speed.

Keywords
Mixed-Integer Programming, Districting, Task Balance, Compactness, Connectivity
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Conflict-free train path planning using ATO timing points

Ziyulong Wang?, Egidio Quaglietta?, Maarten Bartholomeus®, Alex Cunillera?
and Rob Goverde®.

9 Delft University of Technology
b ProRail

Automatic Train Operation (ATO) is a technology to support or automate train driving
for increasing service punctuality, energy efficiency and rail infrastructure capacity.
Conflict-free train path planning is crucial to the effective deployment of ATO, which
allows ATO-equipped trains to operate according to schedule with different train
driving strategies. As different train driving strategies lead to various passing times,
current planning practice is inadequate to avoid route conflicts as it only sets target
arrival or passing times at stops or major junctions. Therefore, conflict-free train path
planning needs the definition of a Train Path Envelope (TPE) that contains time targets
or windows defined at discrete locations called timing points to tolerate schedule de-
viations due to different driving styles. The number and location of the timing points,
as well as the associated time targets or windows, is a decision problem. This paper
proposes a framework to design a robust set of timing points and their associated
time windows in a TPE to enable operational conflict-free train path planning against
the driving strategies utilised. This framework relies on a Train Path Slot model which
extends the definition of TPE from time windows at a discrete set of locations to an in-
tegrated blocking time stairway pattern continuously defined across all locations over
a train route. The Train Path Slot model considers three relevant train driving strategies,
i.e., energy-efficient driving with or without coasting as well as minimum-time driving
considering slight delays. A Linear Programming model is formulated to compute the
conflict-free Train Path Slots as constraints for train operation. To meet the optimised
Train Path Slots, we analyse several possible sets of timing points in a TPE that are only
located at stops or signal positions along the train routes. Those timing point sets are
then compared in terms of total Train Path Slot overlap time, capacity, energy efficiency
and driving performance indicators. Our research supports infrastructure managers in
resolving the imminent problem of timing point determination and TPE computation
to reach their capacity goals. At the same time, it allows sufficient driving flexibility for
railway undertakings.

Keywords
ATO-over-ETCS, Automatic Train Operation, Train Path Envelope, Train driving strategies,

Timing Point
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ACHILLES: Reducing Infrastructure Whole-Life Costs

John Armstrong?, John Preston?, Peter HelmP and Aleksandra SvalovaP.

9 University of Southampton
b Newcastle University

The ACHILLES research programme is a collaboration between six UK universities and
the British Geological Survey, which aims to provide the tools to “assess, monitor, de-
sign and repair the performance of the ground” upon which infrastructure depends,
to ensure that rail and other linear infrastructure provides “consistent, affordable and
safe services, underpinned by intelligent design, management and maintenance.” The
research programme addresses three main challenges: (i) improved understanding
of material and asset deterioration processes; (ii) improved understanding of asset
performance, with and without interventions; and (iii) improved forecasting of asset
and network behaviour, and decision support for interventions, identifying best-value
intervention strategies. These challenges are met through four complementary work-
streams: (i) Performance and Deterioration (PaD); (ii) Monitoring and Measurement
(MaM); (iii) Simulation and Modelling (SaM); and (iv) Design and Decisions (DaD). This
paper is focussed on the SaM and, especially, DaD workstreams. It describes the de-
velopment of decision support to identify the earthworks maintenance and renewal
strategies, and select the designs required, to reduce and ideally minimise the whole-
life costs of individual assets, routes and networks. The work is based initially upon
cuttings on Britain's Great Western Main Line railway between London and Bristol,
whose individual and collective whole-life costs are being analysed to develop a route-
level whole-life engineering cost model. The workstreams then extend to include the
handling of uncertainty, environmental and passenger and freight end-user impacts,
and the costs and potential benefits of additional asset condition data.

Keywords:
Railways, Earthworks, Climate change, Whole-life costs, Cost-benefit analysis
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Timetabling for Railways in Practice: Examples of Real-world Constraints

Ambra Toletti?, Florin Leutwiler?, Jullian Jordi2, Gabrio Caimi® and Francesco CormanP®.

9 SBB CFF FFS
b ETH Zurich

We review some practical challenges when elegant mathematical models have to
consider and correctly describe the wide range of possible situations present in reality.
We specifically describe how a mathematical model in the state of the art could be
expanded by ad hoc modelling of specific situations. This shows on the one hand the
complexity of real life, the possibility to include special situations in existing models,
and identifies a path for more realism in the models.

Keywords
Timetabling software, Real-world constraints, Railway scheduling, Swiss railway
infrastructure managers
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Influence of different prioritization approaches of maintenance
and replacement measures on station infrastructure quality

Felix Lampe?, Maren Maus?, Lea Elfert® and Nils Nieen2.

9 Institute of Transport Science (VIA), RWTH Aachen University
b Institute of Technology and Management in Construction, Karlsruhe Institute of Technology (KIT)

In Germany, the station infrastructure is to be operated by DB Station&Service AG. That
means that DB Station&Service AG is responsible for ensuring satisfactory infrastruc-
ture quality. Predefined quality targets for the infrastructure have been set with the
federal government for this purpose. The quality of the station infrastructure assets
is described by a nationwide grade that is formed by aggregating the grades of the
individual infrastructure assets. In order to counteract age-related degradation of the
assets, financial resources are available for their replacement and maintenance. Differ-
ent strategies can be applied for the use of this budget. This includes, on the one hand,
the distribution of the budget among the different types of assets and, on the other
hand, the prioritization of the needs for measures. The influence of the different budg-
et distribution and of different approaches for prioritizing the measures on the quality
of the infrastructure assets is currently unknown and therefore needs to be analyzed
and quantified. For this purpose, a model that maps the degradation of infrastructure
assets and considers the effect of measures in a controllable way is developed so that a
relationship between quality and budget can be established. Subsequently, the differ-
ent budget allocations and prioritization strategies can be implemented and analyzed.

Keywords
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Impact of the Digital Automatic Coupling for single wagonload transport

Adrian Wagner?, Ulrich Pernull®, Philipp Graf* and Frank Michelberger?.

a St. Pélten - University of Apllied Sciences
b Austrian Federal Railways (OBB Produktion GmbH)

In order to get more freight traffic on to the rails, it is necessary to optimize this trans-
port mode and make it more attractive for the customers. But it is not only interesting
from the customer's view that optimization in freight transport can make sense Vari-
ous manual processes have a high physical demand on the employees. For example,
coupling and uncoupling of wagons currently still requires the deployment of person-
nel in the track area. In the last few years, several initiatives have already dealt with the
introduction of Digital Automatic Coupling (DAC). This paper deals with the effects that
DAC can have on single wagonload traffic in Austria. At the beginning of the paper the
different levels of a DAC are explained. Then various shunting processes are examined.
For this purpose, two use cases are taken, where coupling is a relevant part. The first
use case shows a train formation in a station. The second use case shows shunting
train in industrial sidings. In both it can be presented that the DAC in level 4 lead to
a significant time saving. But especially in the second use case it can also be shown
that the coupling activity is only a minor part of the total process. However, this shows
that the DAC can also serve as an enabler for further functionalities. And therefore, the
other components can also be improved.

Keywords
Single wagonload traffic, Digital Automatic Coupling, shunting, freight traffic
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Lessons from ERTMS and PTC Implementation in Europe
and the United States

Steven Harrod

Danmarks Tekniske Universitet

Railway signal systems in North America and Europe have a plan to replace old
analog signal systems with digital signal systems. This paper explains the history and
motivations for each continent, and the general technical and capability differences
between the two signal systems. In general, North America revised their signal systems
to respond to safety concerns, and Europe committed to replace their signals for op-
erational reasons. The impact on freight traffic is documented for each continent, and
success and failures discussed.

Keywords
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Assessment of Passenger Management Strategies
within Public Transport Terminals

Nattanon Luangboriboon?, Marcella SamaP, Andrea D'Ariano® and Taku Fujiyama®.

9 University College London
b Roma Tre University

This paper addresses the problem of passenger flow management in major public
transport terminals by proposing a new passenger modelling approach. While the
flows of passengers in major transport terminals are in a discrete manner, existing
tools generally view the passenger flows as continuous; hence, passenger manage-
ment is currently done based heavily on the experience of station managers. This
research proposes modelling the flows of passengers as discrete instead. The problem
is modelled as mixed-integer linear programming (MILP) inspired by the alternative
graph (AG) model. The case study results show that the model can be used to assess
and compare passenger management strategies, for instance, the morning peak case
study results show that 578s of conflict, which occurs in one strategy, can be traded off
with 78s of total tardiness, by applying a different strategy. The proposed model can
be used to support station managers in assessing complex situations before making
management decisions.

Keywords
Passenger crowd management, Scheduling, Transport terminals, Station boarding control
strategy, Platform announcement and loading
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The Bouquet of Features in Rolling Stock Rotation Planning

Thomas Schlechte?, Christian BlomeP, Stefan Gerber<, Stefan Hauser®, Jens Kasten®,
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9 LBW Optimization GmbH
b VU Traffic Technologies
¢ SBB Cargo

Railway undertakings are facing rolling stock scheduling challenges in different
forms - from rather idealized weekly strategic problems to very concrete operational
ones. Thus, a vast of optimization models with different features and objectives exist.
Thorlacius [2015] provides a comprehensive and valuable collection on technical re-
quirements, models, and methods considered in the scientific literature. We contribute
with an update including recent works. The main focus of the paper is to present a
classification and elaboration of the major features which our solver R-OPT is able to
handle. Moreover, the basic optimization model and algorithmic ingredients of R-OPT
are discussed. Finally, we present computational results for a cargo application at
SBB Cargo and other railway undertakings for passenger traffic in Europe to show the
capabilities of R-OPT.

Keywords
rolling stock rotation planning, vehicle scheduling, layered graph algorithms, optimization,
heuristic
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Developing Event-Action Network Heuristics for Real Time Traffic
Management in Urban Railway Transit

Tamme Emunds, Mariia Anapolska, Christina Biising and Nils Nief3en.
RWTH Aachen University

A significant amount of public transportation in metropolitan areas worldwide is per-
formed with urban railway transit. Millions of passengers rely on well-functioning, reli-
able and effective systems. As disruptions in rail-bound traffic are often hard to bypass,
reactions to these disturbances have to be planned in order to reduce their impact on
passengers.

This paper implements a decision support tool for the intraday railway rescheduling
problem, finding possible schedule amendments to cope with already known future
disruptions. These amendments aim to decrease the influence of disturbances on the
quality of passenger service on a densely occupied metro line. For a given disrupted
traffic, amendments are chosen which reduce the pre-defined penalties for deviations
from the timetable of the line.

In this work, schedules and potential disruptions are modeled with the help of event-
action networks. Solution strategies with different local search heuristics are presented
and discussed. Furthermore, they are tested on infrastructure data of London's newly
built Elizabeth line for different scenarios of traffic disruptions. Additionally, the poten-
tial of parallel computing implementations is explored. Our methods yield operational
feasible solutions, and selected amendments achieve significant penalty reductions
compared to an initial solution without any traffic management measures.

Keywords
rescheduling, transportation science, railway transportation, real-time traffic management,
event-action network
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Rolling Stock Planning with Maintenance Constraints
by a Rolling Horizon approach

Manuel Brochin, Reto Ramseier and Kaspar Schiipbach.

Swiss Federal Railways SBB

Special event traffic, holidays and construction work lead to frequent updates on the
rolling stock plan at SBB. When planning for such events, the planner needs to simul-
taneously consider effective rolling stock use, timely maintenances for all rolling stock
units, the topology of the track network as well as the use of valid train compositions
at all times. Already ensuring timely maintenances is a complex problem: There are
various types of periodic maintenances with different degrees of importance and de-
pendencies between the different types. Moreover, maintenance planning is a shared
responsibility of rolling stock and maintenance facility planners. A facility may require a
certain unit to visit at a specific time. In this work, we introduce a rolling horizon model
based on mixed-integer linear programming for aiding the planners in quickly finding
effective plans. Our model allows re-planning a timeframe taking into consideration
all relevant maintenance requirements. We model the rolling stock planning problem
as a network flow where a unit of flow corresponds to one vehicle. The crucial idea
of our formulation is to introduce a separate flow for each type of maintenance that
encodes all its relevant constraints. The combined problem is then solved by coupling
the individual flows. We report on the effectiveness of our approach using two real-
world re-planning problems for two different fleets at SBB

Keywords
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Generalized Train Marshalling from Practical View,
Development of the Sorting Requirements and Heuristics

Elias Dahlhaus

Department of Computer Science, TU Darmstadt

In the first part of the paper, it is shown, how to develop the sorting requirements of a
distributer train. It has to be defined the notion of a distribution plan. The distribution
plan has to be transformed into a tree that defines the groups of cars that have to
be put together. A group of cars may have subgroups. For some groups of cars, the
subgroups have to appear in a fixed sequence. This leads to the introduction of di-
rected PQ-trees. In the second part of the paper, we consider the problem to minimize
the number off classification tracks to get the train sorted as required by the PQ-tree.
In general, the problem is NP-complete, and the dynamic programming algorithm for
an exact solution is exponential in the worst case. But it is shown that heuristics can
be integrated into the dynamic programming algorithm that can make the algorithm
efficient in practice.

Keywords
Single wagon load, train marshalling, optimization, PQ-tree
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Microscopic routing for mixed granularity routing requests

Alexander Kuckelberg

VIA Consulting & Development GmbH

For many tasks in the context of railway operations research analysis, railway operation
and operational systems, microscopic train paths are essential and a basic requirement
for reliable and meaningful findings and analyses. Such tasks are e.g. simulations of
rail operation, detailed schedule planning in intensively used network areas, long and
medium-term capacity planning, operational scheduling and more. The ability to cre-
ate microscopic paths based on microscopic infrastructure data is clear, but in many
cases the determination relies on incomplete, macroscopic data. This paper describes
the implementation of a routing approach to determine microscopic train paths from
requests of coarser granularity. Such inquiries can, for example, only include source
and destination regions, but (partially) also be supplemented with information on
desired routes, platform tracks, desired courses or line tracks. Various requirements
are therefore placed on a flexible, high-performance routing algorithm for path
search: interpolation between macroscopically defined support points, weighting of
microscopic route priorities, suitability of stopping places, availability of train control
systems, power systems, track gauges, but also following exact specifications and
request data This paper derives a corresponding algorithm from the general Dijkstra
approach, describes microscopic data and the path search based on it. In addition, the
handling of requests of different granularity is described and optimization approaches
are outlined. The paper concludes with an evaluation of the presented algorithm and
its suitability in practice from a functional and technical perspective and the imple-
mentation in concrete products.

Keywords
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Evaluation of Delay Reduction Measures based on Visualization
of Historical Train Traffic Records and Data-Driven Simulation

Yuma Mouri?, Kazushige Yonemoto?, Norio Tomii® and Masahito Koresawa?.

@ Tokyo Metro Co., Ltd.
b Nihon University

In urban railway lines where trains are running very densely, small delays were quite
often occurring during morning peak hours. Thus, railway companies were making a
lot of efforts to reduce such delays. During the prevalence of COVID-19, however, such
delays have been decreasing because the volume of passengers has decreased and this
means the cause of delays is congestion. It is expected that the volume of passengers
will increase gradually but the volume of passengers will not resume to the original.
Hence, railway companies have to make a decision about what kind of delay reduction
measures they should take considering the volume of passengers in the near future.
In order to help the decision making process of railway companies, we propose an ap-
proach which consists of two steps. The first step is an analysis to find the bottleneck
of timetable stability by appropriate visualization of historical train traffic records.
The second step is a macroscopic simulator which is used to quantitatively evaluate
delay reduction measures. We call the simulator Data-Driven simulator, because in this
simulator, the three major factors, running times, headway times, dwell times are cal-
culated from the historical train traffic records. Running times and headway times are
decided considering the situation of trains and dwell times are calculated considering
the volume of passengers. Thus, although the simulator is macroscopic, the accuracy
is enough for our purpose. We have applied this approach to an actual railway line in
Tokyo and proved our approach worked successfully.

Keywords
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A multi-objective framework for strategic railway timetabling: integration
of ant colony optimization and mixed integer linear programming
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This paper presents an algorithmic framework to perform automatic timetabling, de-
veloped within the project “Tools for mathematical optimization of strategic railway
timetable models” funded by the Norwegian Railway Directorate (Jernbanedirektora-
tet). This project aimed at prototyping a tool to automatically generate timetable drafts,
to help planners to perform such tasks as capacity studies and timetable planning.
The paper describes the algorithmic core of the tool, called Automatic Timetabler with
Multiple Objectives. The framework integrates a Multi-Objective Ant Colony Optimisa-
tion (MOACO) algorithm and a Mixed Integer Linear Programming (MILP) formulation.
MOACO performs a fast-but-coarse exploration of the solution space, populating
and maintaining at the same time a POS of timetables. The timetables generated by
MOACO are refined by the MILP formulation, exploring a neighborhood of the input
solution and returning feasible, high-quality timetables. The tool is assessed by a series
of application tests, based on case studies driven from real practice in Norway.
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Energy-efficient High-speed Train Driving Considering Neutral Zone
and Time window
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9 Tongji University
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Among the many challenges which must be faced during the daily operation of high-
speed rail, the management of the neutral zones in the catenary during unexpected
disturbances remains underinvestigated. This study proposes an energy-efficient Intel-
ligent Transportation System for Automatic Train Operation of a high-speed train with
regenerative braking for passing neutral zones under disturbance. For the first time,
different mechanism-based automatic passing neutral zone systems are analysed and
modelled as location-based and time-based constraints, respectively. The disturbance
is described as a nonuniform time distribution by time windows. The original model
with location-based constraints is a nonlinear model that is transcribed as a quad-
ratically constrained linear model and then solved. The optimality consistency and its
establishment condition between the original and transcribed models are analysed
based on the Karush-Kuhn-Tucker conditions. The model with time-based constraints
is novelly transformed into an optimal coasting point problem. A high-quality solution
is obtained effectively and efficiently by iteratively solving a series of subproblems.
Comprehensive experiments are conducted based on practical data from a high-speed
rail system in China. The benefit of the proposed method is significant compared to
Mixed Integer Linear Programming and Artificial Driving Algorithms. Moreover, the
impacts of different mechanism-based automatic passing neutral zone systems and a
combination of time window settings are analysed in depth.

Keywords
High-speed rail, Energy-efficient driving, Intelligent transport systems, Time window,
Neutral zone
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Towards Safe Machine Learning Driven Railway Infrastructure
Monitoring Systems
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Control command and signalling (CCS) systems for railway operations are an active
research area for potential machine learning (ML) applications. One such application
is the train integrity and track occupancy detection fiber optic sensing system (FOS-
System). As the ML models used in such applications are applied in safety-critical
railway infrastructure systems to control safety-relevant system functions, they should
be trustworthy and, more importantly, safe. However, due to their opaque decision-
making processes, ML-based systems are challenging to prove safe according to exist-
ing methods (such as the CENELEC standards). To address this limitation, this paper
derives relevant measures to apply ML models in safety-critical railway infrastructure
systems, considering the use-case track occupation detection. First, it performs a risk
analysis at the railway system level taking into account the system definition and the
defined requirements for the FOS-System. Second, a Failure Mode and Effects Analysis
(FMEA) on the system level based on the first step lists potential hazards. A heuristic
method generates a list of failures of the FOS-System component, focusing on poten-
tial ML-based failures in the training and inference phase that may cause hazards. The
paper then proposes appropriate measures to eliminate the mentioned hazards to a
harmless level based on the FMEA. Finally, it proposes a Context-Aware Safety Envelope
Monitoring Subsystem and performs a plausibility check considering the context while
monitoring the safety envelope. Our proposed safety envelope employs physics-based
rules and, is, therefore, deterministic — it can be validated with established norms, such
as EN 50126 or 50128.

Keywords
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Train dwell time analysis for urban rail transit stations based on random
forest algorithm: A case study on Beidajie station of Xi'an Metro

Wenyu Wang, Fangsheng Wang, Feng Zhou, Ling Hong and Ruihua Xu.

College of Transportation Engineering, Tongji University

Dwell time (DT) is an essential element in the compilation of urban rail transit train dia-
grams. To improve the reliability of urban rail transit operations, it is necessary to iden-
tify the major factors that influence the actual DT and formulate effective measures. Via
data mining, this study proposes a random forest (RF) based identification model to
diagnose the major factors that affect the DT at different stations in different periods,
and put forward corresponding targeted measures. Considering the Beidajie (BDJ) sta-
tion of Xi'an Metro in the upstream direction of Line 2, this model sensitively identifies
major factors leading to the variation in DT during the morning peak, consistent with
the detailed analysis. Then the targeted improvement measures are proposed for the
BDJ station. The obtained application results indicate that the established influencing
factor identification model can effectively distinguish the factors causing discrepancy
between actual and scheduled DT, which can provide auxiliary decision-making in the
compilation of train diagrams and daily operation organization.

Keywords
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Prediction of the Freight Train Energy Consumption
with the Time Series Models

Predrag Grozdanovi¢, Milo$ Nikoli¢, Milica Selmi¢ and Dragana Macura.

Univerzitet u Beogradu Saobracajni fakultet

The global energy crisis makes large problems and challenges for companies when
planning transportation activity costs. Companies must carefully take care of energy
spending and consider the ways how it can be decreased. In this paper, we considered
the problem of predicting freight train energy consumption. For that purpose, we ap-
plied three-time series methods: the moving average, the weighted moving average,
and the exponential smoothing method. These methods were applied to real data
collected in the Republic of Serbia. The obtained results showed that the exponential
smoothing method makes better results than the other two approaches. Nevertheless,
there is still room for improvements in the presented approaches, making some fine-
tuning of the used parameters and comparing to other relevant techniques used for
forecast.
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Applying Generative Adversarial Networks to Generate Synthetic
Train Trip Data for Train Delay Predictions

Florian Hauck, Albrecht Guth, Natalia Kliewer and David RoRler.

Freie Universitdt Berlin

This paper examines the possibilities of creating synthetic train trip data with Gen-
erative Adversarial Networks (GANSs). A real data set from Deutsche Bahn is enhanced
with synthetic data created by using a Conditional Wasserstein Generative Adversarial
Network (CWGAN). The synthetic data is analyzed and compared with the original data
using statistical methods as well as machine learning models. The results show that
the synthetic data is very similar to the original data in terms of data structure and
dependencies, but at the same time contains enough noise to not just copy already
existing instances. To analyze and measure the quality of the synthetic data, different
supervised machine learning models are trained to predict the change of delay of
trains at a specific station based on the arrival delays of other trains at that station.
These models are then each trained once using the real data and once using the real
data enhanced by synthetic data. All models are evaluated using a test set containing
only real data that was not used to train the models. The results show that the r squared
value of delay predictions increases significantly when using the enhanced data set. In
particular, neural network based models can benefit from the larger amount of input
data. The proposed approach of generating synthetic train trip data with a CWGAN can
also be applied to a variety of other railway data analysis projects that require a large
amount of input data. In addition, the presented approach is particularly interesting
because, unlike most GAN approaches discussed in current literature, the data basis
contains numerical data and not image data.
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The shunting with service scheduling problem
at a Chinese high-speed railway depot

Jintang Shi® ®, Haodong Li?, Pieter Vansteenwegen® and Haitao Ruan¢.
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¢ General Office, China State Railway Group Co., Ltd

A high-speed railway depot in China is the place where Electrical Multiple Units (EMUs)
undergo services like repairing, cleaning, sewage suction and wheel repairing. The
fast-growing number of EMUs in China poses a great challenge to the shunting with
service scheduling (SSS) planning at the depot. The capacity of an EMU depot and the
quality of the SSS plan can be improved by a shunting strategy that allows flexible
storages and train relocation. This paper considers an SSS problem of integrating train
shunting, service scheduling and routing at EMU depots with various layouts. Different
from the Train Unit Shunting problem, EMUs in China are usually not decoupled and
coupled, and thus the train unit matching is not included in this paper. As the SSS
plan is currently handled manually by dispatchers, this paper constructs a two-layer
time-space network and proposes a multi-commodity flow model for the SSS problem,
which aims to minimize the total cost of all EMUs during the planning horizon. A heu-
ristic algorithm based on the alternating direction method of multipliers (ADMM) is
designed to decompose the original problem into independent EMU subproblems and
improve the solution efficiency. The results of the real-word case study shows that the
ADMM algorithm can yield a near-optimal (gap=5.7%) SSS plan in 1 hour computation
time for depots of different layout types, and can be integrated in a computer-aided
planning system.
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Virtual Validation Method of Automated On-Sight Driving Systems
for Shunting Operations

Steffen Schaéfer, Lucas Greiner-Fuchs, Tobias Hofmeier, Philipp Koch
and Martin Cichon.

Technische Hochschule Niirnberg Georg Simon Ohm

Virtual scenario-based testing is considered best practice in the development and
validation of highly automated driving functions. A scenario describes a holistic and
coherent test setup in a use-case oriented environment in order to make a claim about
the validity of derived test results. Railway kinematics are characterized by the system
immanent track guiding allowing narrow clearance to infrastructure. High masses and
low coefficients of adhesion result in long stopping distances. In addition, shunting
is performed on sight whereas train line operation is performed on signaling. Ensur-
ing a sufficient safety distance to obstacles, high sensor performances in range and
resolution is required for real-time sensor-based object detection. A stable object clas-
sification and subsequent obstacle warning is mandatory for trouble-free automatic
train operation (ATO). To validate the perception-based decision making, the following
target braking or acceleration, the driver model and actuation systems, a huge number
of situations has to be considered. Regarding time, cost and feasibility, real world op-
eration cannot provide a complete set of necessary tests, thus, virtual scenario-based
testing, also used for validation of advanced driver assistance systems in automotive
engineering, is adapted. Therefore, a photorealistic railway environment designed
along physical properties is developed. According to the layout and design of the sys-
tem under test (SUT), the physical sensor positions and characteristics are simulated.
Raw sensor data is emulated and looped out to the SUT respectively, where the driving
decision is made. The decisions are wrapped and looped back to the vehicle model, an
integrated module as a part of the simulation environment. Scheduled scenario set-
ups including static and dynamic elements as well as expected system behaviors are
defined as concrete test cases.
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Predicting and Measuring Service Disruption Recovery Time
in Railway Gravity Hump Classification Yards

Jiaxi Zhao and C. Tyler Dick.

University of Texas at Austin

Planned maintenance and unplanned incidents cause service disruptions in freight
railway classification yards that create congestion, delay railcars and may even impact
mainline operations. Understanding the lingering performance impacts and recovery
time of yard disruptions of various duration is vital for the industry to plan operating
responses to disruptions, promote efficient resource utilization, and improve railway
yard and network resiliency to unplanned events. This paper compares two major
types of yard disruptions (temporary closure of the hump process, and temporary
closure of the pulldown process) and quantifies the recovery pattern of yard processes
as measured by different performance metrics. The authors propose an analytical ap-
proach for estimating the classification yard disruption recovery time as a function of
the disruption duration and the baseline yard capacity utilization. To validate the hy-
pothetical approach, a series of experiments were conducted to simulate a wide range
of disruption duration and throughput volume using a representative hump classifi-
cation yard model constructed in AnyLogic. The results indicate that recovery time is
proportional to the shutdown duration with an approximately constant recovery rate,
and recovery rate increases approximately exponentially with throughput volume.
These results are consistent with the hypothesized analytical relationships, suggesting
that this approach may also provide estimates of yard capacity using the disruption
recovery rate under a baseline traffic volume. The methodology discussed in this paper
also provides a foundation to study the interaction between railway classification yards
and mainlines, and to construct planning-level parametric models of classification yard
capacity and performance.
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Multi-objective Express Shipment Service Network Design
for High-speed Railway Networks

Sigiao Li, Xiaoning Zhu, Pan Shang and Li Wang.

Beijing Jiaotong University

The rapid growth of e-commerce and online sales have increased the pressure on
express systems, and thus, a reliable and efficient express service is required. To deal
with these problems, this study focuses on the express shipment service network
design problem for a scheduled high-speed railway system. Different organization
modes are introduced to form a capacitated service network, and a space-time net-
work is constructed to facilitate the flow of shipments. To understand the trade-offs
between service-centric and operator-centric perspectives, the problem is formulated
as a multi-objective model considering the costs of passengers, shipments, and opera-
tors. The g-constraint method is introduced to address the complexity of the problem.
An adaptive update method is proposed to narrow the bounds given by the payoff
table, after which the three-dimensional Pareto frontier is explored to highlight the
relations between different objectives. Standardized Euclidean distance is introduced
to evaluate the Pareto optimal solutions. The methodology is applied to a real-world
high-speed railway network containing six lines to demonstrate its efficiency.

Keywords
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Analyzing the impact of integrated train path selection and rolling stock
planning in railway freight transportation
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This paper investigates how much gain is brought by the integrated planning of freight
rail operations, in particular the selection of the railway infrastructure (train paths) and
of the rolling stock (engines), compared to a classical sequential planning process. We
propose various diversification methods, applied in an iterative approach, to analyze
how different optimal or very good solutions for train path selection can lead to dif-
ferent rolling stock plans. The best resulting global solution is then compared to the
worst global solution to evaluate the largest potential gain. Computational experi-
ments on industrial data from SNCF, the French public railway company, are discussed.
They show that interesting gains can be obtained, and motivate the development of
solutions approaches to solve the integrated problem.

Keywords
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Mixed integer linear programming
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Demand-based Capacity Assessment using Mixed Integer Programming

Christopher Szymula, Nikola Besinovic and Karl Nachtigall.
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Understanding railway network capacity and potential reserves proves crucial for opti-
mal planning decisions, which are required due to the high utilization of European rail-
way networks and the intended future modal shift of to rail. Capacity reserves emerge
where the network structure does not match the demand. We propose a mixed integer
program based railway network utilization model (MIP-RNUM) for investigating the
capacity reserves in the network. Inspired by Petri Nets, this model allows to optimize
the train ordering and the distribution of trains in the network, whilst regarding for
the traffic demand to be served. The infrastructure is mesoscopically modelled by the
individual blocks of the railway system. The demand is represented by a corresponding
line plan and its given frequencies. The model determines the interrelations of demand
and network capacity and thus allows to in- vestigate between transport demand and
network infrastructure. We test the proposed model on different academic networks
and a case study. In particular, the results show clear capacity effects of mismatched
infrastructural demand and supply. It is thereby shown, that the efficient use of net-
work capacity depends on the fit between demand and network structure. Further-
more, we can see that the emergent utilization behaviour is network specific and often
non-linear, which strengthens the necessity of network approaches for global capacity
assessment. Also providing support to other fields such as urban planning, the models
incorporation to integrated and interdisciplinary planning approaches is left for future
research.
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Timetable Optimization for Sharing-Corridor Metro Lines
under Virtual Coupling

Jianhao Ge, Pengling Wang and Xiaofang Xiao.
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This paper proposes a method to apply virtual coupling technology to the sharing-
corridor metro lines to solve the problem of capacity bottleneck. A mixed integer
linear programming model is built to optimize the train timetable of sharing-corridor
lines under the assumption of using the virtual coupling technology, fully taking into
account the constraints related to train timetabling, virtual coupling technology, and
passenger assignment, with the objective to improve the service quality. The model
adopts the departure times, arrival times and whether each train service is planned
to be virtual coupled with its adjacent front one or the following one, as decision
variables. A method is also proposed to evaluate the capacity utilization using virtual
coupling technology referring to UIC 406. The experiments on Shanghai Metro Line
3 and Line 4 are implemented to verify the effectiveness on transport capacity and
passenger service quality of the proposed model using virtual coupling technology.
The results show that using virtual coupling technology can launch 8 more train ser-
vices during morning peak hours and at most reduce passengers' waiting time by 73.8
seconds.

Keywords
Metro timetable optimization, Virtual coupling, Mixed integer linear programming,
Capacity analysis
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Dynamic constraint and objective generation approach for real-time
train rescheduling model under human-computer interaction
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Real-time train rescheduling plays an important role in railway transportation, which
is critical for the punctuality and reliability of rail operations. In this paper, taking the
actual situation as the premise, we propose constraint and objective generation of
the rescheduling model by human-computer interaction, so that the model can meet
the practical needs and daily tasks and reschedule trains through multi-iterations. The
dispatcher's empirical knowledge is incorporated into the train rescheduling process
through the human-computer interaction framework. Based on observations and
analysis of the dispatcher's actual rescheduling process, we propose six interfaces
and dynamically build the constraints and objectives to represent human intentions.
Through the rescheduling rules summarized, we design rule-based conflicts detection-
resolution heuristic algorithm to solve the defined model. We present a set of numeri-
cal experiments to demonstrate the system-wide performance benefits of the iterative
framework, could make the rescheduling more flexible through secondary solving
according to analysis to the last solution by the human-computer interaction. The
proposed interaction method complements the existing literatures of rescheduling
methods under human-computer interactions. It can assist dispatchers to find more
feasible solution according with their empirical rescheduling strategies.

Keywords
Real-time train rescheduling, Human-computer interaction, Rule based heuristic,
Secondary rescheduling
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A MILP Model for Rescheduling Freight Trains under
an Unexpected Marshalling-Yard Closure

Liyun Yu, Carl Henrik Hall, Anders Peterson and Christiane Schmidt.
Linkdping University

This study is about rescheduling freight trains to reduce the effects of major interrup-
tions. In this paper, we consider that the interruption is an unexpected marshalling-
yard closure. We develop a macroscopic Mixed-Integer Linear Programming (MILP)
model to reschedule railway timetables. One important principle is that we simulta-
neously reschedule several trains, instead of one-by-one. Furthermore, we consider a
rescheduling strategy of letting trains wait on the way when the destination yard have
a closure. The model considers stopping restrictions and the capacity of each segment
and station. The order of the trains affected by the interruption is not fixed. We present
experimental results of three different cases, which are all based on artificial data.
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Weather-Related Railway Infrastructure Failures in Sweden:
An Exploratory Study

Michelle Ochsner, Daria Ivina and Carl-William Palmqvist.

Lund University

The impacts of adverse weather conditions on railway infrastructure can result in de-
lays and cancellations across the railway network and increased maintenance costs.
The frequency and severity of extreme weather events are expected to rise due to
climate change, making railways more vulnerable. This study aims to gain a better un-
derstanding of weather-related infrastructure failures (specifically track, catenary line,
signal, and switch failures) between 2015-2020. We do so by using infrastructure failure
data from the Swedish infrastructure manager, the Swedish Transport Administration.
We use an exploratory data analysis approach to understand which infrastructure
assets are most vulnerable to what weather-related phenomena and if infrastructure
failures follow any seasonal trends. Results indicate that tracks and catenary lines are
most vulnerable to fallen trees, likely linked to windy conditions, while switches are
most vulnerable to snow and ice, and signals are most vulnerable to both snow or ice
conditions and fallen trees. Additionally, most failures occur during the winter months.
These results highlight the importance of increasing the resiliency of railways to ex-
treme weather today and in the future.
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A passenger-oriented optimization approach for scheduling additional
high speed trains with flexible stopping

Tianyin Zhao?, Yongxiang Zhang?, Qiyuan Peng?, Qingwei Zhong®, Shan Jiang?
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Every quarter, China State Railway Group Co., Ltd. (CR) adjusts the national train time-
table for the sake of better adapting to market demand. CR routinely fine-tunes the
train timetables by scheduling additional trains, and this strategy can significantly re-
duce the costs associated with timetable adjustments. This article studies the problem
of scheduling additional trains with flexible stopping (SATFS) by using the space-time
network modeling method. A new integer linear programming (ILP) model with multi-
ple objectives is proposed for scheduling additional trains. With the goal of minimizing
the weighted sum of running costs, adjustment costs, operation costs of trains, and
passenger costs, the model enables trains to choose or alter their stop patterns flexibly
and realize the joint optimization of scheduling additional trains and satisfying the
passenger demand. The model incorporates accessibility constraints, which eliminates
any inconvenience to passengers caused by the flexible modification of stop patterns.
The Gurobi solver is called to solve the proposed ILP model, where the key coefficients
are obtained by a series of experiments on a small-scale example. Moreover, a sensitiv-
ity analysis of three crucial parameters is performed. Finally, numerical experiments are
conducted based on medium-scale examples to validate the viability of the developed
model. The experimental results demonstrate that the revised train timetable obtained
by the proposed model can effectively meet passenger demand through the schedul-
ing additional trains.

Keywords
Scheduling of additional trains, Stop patterns, Integrated optimization, Passenger demand,
Space-time network
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Considering Dispatcher’s Intention in Real-time Train Rescheduling
Problem Under a Human-Computer Interaction Framework
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During railway operations, trains normally run as scheduled, but the occurrence
of unexpected events will disrupt traffic flow and cause train deviation from the
original timetable. Currently the timetable rescheduling task is mainly conducted by
train dispatchers based on their experience and intuition, but the massive compu-
tational effort imposes great physical and mental burden on them, especially in the
high-density railway network. Furthermore, when train dispatchers are adjusting the
scheduled timetable, they might make mistakes, which could affect train operation
safety. In order to assist dispatchers, in recent years many optimization-based models
are proposed. However, due to the large problem scale and dynamic optimization ob-
jective, in most cases these models cannot provide satisfactory results by themselves.
With this motivation, this paper introduces an innovative Human-Computer Interac-
tion framework into the timetable rescheduling process, aimed at integrating human
and machine together. It enables train dispatchers to propose timetable adjustment
instructions to the original or model-computed timetable. These instructions will be
processed, stored, analyzed, and digested by computer program, which finally leads
to the modification and/or calculation of model, then a new disposition timetable will
be produced and provided to dispatchers for checking and modifying. This framework
can iterate for unlimited times based on dispatchers' intentions, until the final result
satisfies them. In order to show the effectiveness of our framework, we develop a
demonstration system named RTARS (Real-time Timetable Automatic Rescheduling
System), and a part of Beijing-Shanghai high-speed railway line is chosen as the test
bed.

Keywords
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System
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Optimizing incomplete cyclic line plan in a rail network

Hailin Li, Lei Nie, Huiling Fu, Feng Gao and Huaibin Hu.

Beijing Jiaotong University

The line plan and train timetable are fundamental for passenger railway operation,
which have two patterns: cyclic and acyclic. For rail network, the acyclic pattern may
not well attract passengers because of the low service frequency and poor regular-
ity. Whereas the fully cyclic pattern reduces the accessibility of direct service due to
limited number of train ODs and stops. We define a line plan pattern that is dominated
by cyclic nature and supplemented by acyclic nature as incomplete cyclicity. An inte-
ger nonlinear programming model is proposed to optimize the incomplete cyclic line
plan (ICLP) with direct and transfer service frequency for passengers simultaneously
determined, such that benefits of the two patterns are integrated. The effectiveness of
our proposed method is tested on a real rail network with three high-speed rail lines
interconnected in China. The results of case study show that the ICLP, which consists of
78% of cyclic trains and 22% of acyclic trains, performs improved regularity and higher
service frequency than the practical acyclic one.

Keywords
Rail network, incomplete cyclicity, line planning, integer programming model
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Towards Automated Railway Operations - TARO

Bertram Ludwig and Philipp Kastberger.
OBB Holding AG

This paper outlines the goals as well as the status of project TARO (Towards Automated
Railway Operations), a cooperative technology initiative led by the Austrian Federal
Railways (OBB). Increasing the railways share in transportation is a key factor in reduc-
ing carbon emissions, but requires innovative approaches to increase capacity, qual-
ity and productivity. This includes automation and digitalisation of infrastructure and
vehicles. TARO focusses on three primary research areas: Digital Twin (Work package
1: Digital Twin Vehicle, Work package 2: Digital Twin Infrastructure), Processes (Work
package 3: Automatic Dispatching, Work Package 4: Future Shunting, Work package 5:
Digital Automatic Coupling) and Automated Train Operation (Work package 6: Future
regional rail). The three areas function as separate, but interconnected subprojects.
This paper displays three particularly advanced work packages: Digital Twin Vehicle,
Digital Twin Infrastructure and Future Regional Rail.

Keywords
Condition Based Maintenance, Digital Twin Vehicle, Digital Twin Infrastructure, Regional
Rail
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Potential of the long-distance railway transport routes
in the post-pandemic period in Europe

Milan Dedik, Zdenka Bulkova, Lumir Peceny and Martin Vojtek.

University of Zilina

Quiality and attractive long-distance railway passenger transport should become a key
element and system of public passenger transport which must be the basis for the na-
tional and international comprehensive integrated system of passenger transport. Due
to several COVID-19 restrictions and measures the demand for public passenger trans-
port has been significantly decreased since March 2020 in many European countries.
The reduction in mobility has had an impact on passenger transport performance. The
number of national rail passengers fell by as much as 90% during the first wave of the
pandemic compared to the previous year. The second wave of the pandemic in autumn
2020 has forced many countries to take further restrictive measures regarding popula-
tion mobility and subsequent cancelation of several connections. The paper deals with
a brief analysis of traffic performance within individual European countries during the
corona crisis. The main research part of the contribution is focused on current poten-
tial determination of the long-distance railway transport route. Subsequently a new
concept of traffic potential determination in long-distance railway passenger transport
is proposed. The paper contains practical application for indicators determination of
selected long-distance transport routes including concrete examples and calculations.

Keywords
railway transport, long-distance routes, pandemic COVID-19, traffic potential, public
passenger transport
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Cross-line Train Service Planning considering
Passenger Travel Demand after Large Events

Zhiwen Jiang, Yun Bai and Zongran Li.

BeijingJiaotong University

Urban rail transit is one of the most important ways to transport passengers after
large-scale activities in mega cities. The large passenger demand caused by large-scale
activities need to be transported from the station close to large event venue to their
destination stations in the metro network. Trains acrossing different metro lines can
effectively reduce passengers’ transfer time. Besides, the cross-line operation can also
reduce the enterprise operation cost by decreasing running kilometres of trains. This
paper proposes an optimization model for the train cross-line operation plan. The
objective is to minimize the passenger travel time, the number of stranded passengers
and the enterprise operation cost. A genetic algorithm is designed to solve the model.
Case studies show that compared with the separate-line operation plan, the cross-line
operation plan can reduce the enterprise operation cost and the stranded passengers
by 17.42% and 55.26% respectively.

Keywords
Urban rail transit, Large events, Cross-line operation, Train service planning
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Combined Lines-Nodes Capacity Assessment in Freight-Passengers
Complex Railway Networks

Atieh Kianinejadoshah and Stefano Ricci.

Sapienza University of Rome

The framework is the increase of competitiveness of European transport industries
based on the Technical Specification for Interoperability (TSI) with the purposes of a
unique, harmonized and generally valid understanding on how to increase frequency,
punctuality, speed and capacity. The work is specifically addressing the issues of the
combined effect on lines operation of conflicts in stations and the propagation in sta-
tions of delays suffered along the lines. The paper proposes innovative solutions for
the combined calculation of the capacity of the node-station complex systems, by ap-
plying analytical and simulation methods useful to rationalize the traffic and minimize
the delay. The research starts from the application of the methods in a quantitative
virtual test network including single and double track lines and three stations, in view
of the applications to a complex case study, the Trieste railway node, situated in north-
eastern ltaly, including the passengers and freight stations and the lines operated
for both services. Afterwards, the traffic simulation by a largely recognized software
(Opentrack®) completed the study by allowing at comparative analyses for the valida-
tion and the finer tuning of the methodological approach.

Keywords
Railways, Capacity, Timetabling, Simulation, Signalling
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Railway Passenger Kilometers Forecasting with
Combined Multi-Grey Neural Network Model

Yingsi Huang?, Yuyan Tan?, Yafeng MaP, Zizhen Zhao? and Yaxuan L.

9 Beijing Jiaotong University
b East China Jiaotong University

Accurate forecasting of railway passenger kilometers (RPK) plays an important role
in railway passenger transport organization and resource allocation. Considering the
railway passenger kilometers in China influenced by multiple factors, with unclear
internal relationships, a forecasting method of combined multi-grey neural network
model (G_GMBP), applying grey correlation is constructed. The traditional GM (1,1)
model, unbiased GM (1,1) model and power function method improved unbiased GM
(1,1) model are used for preliminary prediction. Then BP neural network is used to op-
timize the combination of the three previous prediction results. Meanwhile, the main
influence index of railway passenger kilometers extracted by grey correlation analysis
is added as another part of the input of BP neural network. According to the error
back propagation, the combined weights are adjusted to obtain the better weight
coefficients and fully fit the data characteristics. Numerical experiments based on the
real data of railway passenger kilometers in China, during 2000-2019, are carried out to
verify the effectiveness of the proposed model. The empirical results demonstrate that
the prediction effect of the G_GMBP model is obviously better than the comparative
prediction method, and significantly improve the accuracy of RPK prediction.

Keywords
Railway passenger kilometers forecasting, Combined model, BP neural network, Grey
model, Grey correlation analysis
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Optimization of Periodic Train Timetable Considering Adding
and Reducing Train Stops

Yuxin Mo and Lei Nie.

Beijing Jiaotong University

Due to the regularity of stops, the balance of services and the convenience of transfers,
periodic train timetable is widely used in many countries, which provides reference
cases for the adoption of periodic timetable in China. However, it can be seen from
the practical experience that the stop plan of timetable of China's high-speed railway
is not regular and reasonable enough. On the one hand, the train timetable with ir-
regular train stops cannot properly serve the diversified passenger flow of different
levels; on the other hand, the redundant train stops increase the train travel time. So, it
is necessary to adjust train stops while optimizing periodic train timetable. This paper
focuses on stop planning in the periodic timetabling process. Based on the periodic
event scheduling problem model, a periodic train timetable optimization model is pro-
posed with consideration of adding and reducing train stops. The train stop variables
are introduced to realize the stopping flexibility. The optimization objective of the
model is to minimize total train travel time. The flexible stop constraint and OD service
constraint are included to meet the diverse passenger demand. The model is applied
to the Chinese Jinan-Qingdao High-speed Railway Corridor and the result validates the
correction of the model, which is an exploration of the possibility of adopting periodic
train timetable in China.

Keywords
Periodic timetabling, PESP, Train stop, High-speed railway
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On the Fragility of a Train Timetable

Marta Leonina Tessitore?, Giorgio Sartor®, Marcella Sama?, Carlo Mannino®

and Dario Pacciarelli®.

9 Roma Tre University
b SINTEF

In dense railway traffic, the delay of a single train may propagate in a domino effect
over the network, causing a sequence of knock-on delays. During the last decades,
several approaches have been proposed to measure and reduce these effects. These
approaches are typically related to a particular definition of timetable robustness,
however, they may not accurately predict knock-on delays, which can be significantly
reduced by effective real-time dispatching. As a result, existing robustness measures
are not always relevant to route planners for understanding how to increase the ro-
bustness of a timetable, and they may be of little interest to real-time dispatchers. In
this work, we introduce the concept of timetable fragility as complementary to that
of robustness, in order to identify the critical sections of a timetable, where primary
delays are more likely to cause major knock-on delays, as well as the corresponding
interconnections between trains and infrastructure. According to this concept, a sec-
tion of a timetable is more fragile than another one if primary delays on this section
will propagate more easily, even after the best possible real-time dispatching. To
compute the fragility, we propose a MILP model where the minimization of the delay
propagation is a key performance indicator. We show how the timetable fragility can
be efficiently computed for optimal real-time train scheduling but also exploited by
route planners at operational level. We test our approach on real-life scenarios from a
busy railway line in Norway.

Keywords
Mixed-Integer Programming, Train Scheduling, Timetable Robustness
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Application of reversible tracks in real-time train
rescheduling during partial blockages

Bowen Gao?, Pieter Vansteenwegen®, Dongxiu Ou? and Decun Dong?.

9 Tongji University
bKU Leuven

Reducing the propagation of train delays is typically a crucial objective in real-time
railway disruption management. This paper introduces the concept of reversible tracks
to provide more options to temporarily keep blocked trains waiting in a station area.
A mixed integer linear program is constructed to optimize the response to partial
blockages, also using these reversible tracks. Its main idea is to effectively utilize the
buffer time in the non-blocked direction to decrease the propagation of delays in the
blocked direction. In order to validate the feasibility of our model and method, a part
of the Beijing-Guangzhou high-speed railway is chosen as a case study. Considering
the uncertainty of the blockage end time and the scale of the practical model, a rolling
horizon algorithm and a series of methods to reduce the solution search space are pro-
posed to improve the efficiency of the method and to meet the application require-
ments. The results show that the use of reversible tracks can reduce train delays by up
to 18.95%. It proves that our method can reduce the accumulation of train delays and
helps the blocked trains to recover as soon as possible.

Keywords
Disruption management, Mixed integer linear programming, High-speed railway, Rolling
horizon, Reversible track
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A high-speed railway traffic control approach with local-rerouting
and adaptive rescheduling range

Ranfei Zheng?, Jianrui Miao® Zhengwen Liao®, Xiaojie Luan?, Hongjun Ning¢, Lingyun
Meng?, Nikola Besinovic? and Rongbin Liu?.

@ School of Traffic and Transportation, Beijing Jiaotong University

b State Key Laboratory of Rail Traffic Control and Safety, Beijing Jiaotong University

¢ Traffic Control Office, China Railway Shenyang Group Co., Ltd.

4 “Friedrich List” Faculty of Transport and Traffic Sciences, Technical University of Dresden

The Railway transport planning department ensures no conflicts in sections and sta-
tions by the timetable and the siding using plan. However, the plan is often interfered
by various calamities. Then, it is necessary to adjust the timetable, e.g. arrival and
departure times and siding use of some trains, to restore operation back to planned
as soon as possible. To model the problem, we propose an event-decision network
for train rescheduling, which is used to develop an integer programming model, con-
sidering five rescheduling strategies including changing train dwell times, changing
train running times, adding extra stops, delaying the entering research area time, and
changing local routes/siding-tracks. A heuristic algorithm based on Lagrangian relaxa-
tion is designed to solve the problem. For various disturbances scenarios, the heuristic
algorithm can dynamically determine the range of trains which should be rescheduled.
The model and algorithm are tested based on the actual operation data of Beijing
Shanghai high-speed railway. The results show that the proposed method can quickly
obtain a feasible solution under different speed limit interference scenarios.

Keywords
Train rescheduling, Event-decision network, Integer programming, Lagrangian relaxation,
Adaptive rescheduling range
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An algorithm to estimate dwell time of trains based on association rules
for real-time train traffic prediction

Yasufumi Ochiai
Odakyu Electric Railway Co., Ltd.

As described herein, we propose an algorithm to estimate train dwell times based on
association rules inferred from historical train traffic records. The algorithm is useful
for real-time train traffic prediction. Passenger needs for detailed train traffic informa-
tion have increased recently, not only for tactical timetables and train operations or
suspensions but also for current trains’ running positions and delays. Moreover, near-
future predicted arrival and departure times become increasingly important because
of the spread of route search services that incorporate train delays. Train delay causes
are diverse, but dwell time in a station is a main reason for increased or decreased train
delay. Consequently, estimating station dwell times while considering real-time train
operations is useful. With such estimation capability, we can predict near-future arrival
and departure times more precisely using accurately estimated dwell times. A control
center operator would then be able to dispatch trains when delays occur. After the
new algorithm receives classified dwell times of some recent stations as input data,
it classifies dwell times of the succeeding stations in the near future as output data.
Some results of application to actual data are presented herein to demonstrate our
algorithm’s effectiveness for estimating train dwell times.

Keywords
dwell time estimation, association rule, real-time train traffic prediction
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Dynamic Train Priority Rescheduling Model with Mixed Passenger
and Freight Traffic using A Rolling Horizon Solution Approach

Ruyue Zhao?, Lingyun Meng?, Nikola Besdinovic®, Jianrui Miao?, Xiaojie Luan?,
Yihui Wang® and Zhengwen Liao®.

9 Beijing Jiaotong University
b Technical University of Dresden

This paper proposes a novel dynamic train priority rescheduling method to realize the
train rescheduling with mixed passenger and freight traffic. The proposed method
introduces the concept of dynamic priority into the train rescheduling. By taking the
train type, train delay and remaining running time as the train priority characteristic
parameters, the train priority can be determined dynamically according to the actual
running state of the train. Compared with the static priority rescheduling method,
the dynamic priority rescheduling method can better reflect the actual needs of train
rescheduling. This paper constructs a mixed integer programming model with the goal
of minimizing the weighted total event deviation time. A rolling horizon solution ap-
proach for dynamic train priority rescheduling model is designed, which can realize
the dynamic train timetable adjustments. We demonstrate the proposed rescheduling
approach for multi-type trains on the Lanzhou-Lianyungang railway, which is a con-
ventional railway lines with mixed passenger and freight traffic in China. The results
show that compared with static priority rescheduling, our method has a positive effect
on reducing the loss of train delays when facing to disturbance occurrences, and it has
important reference value for the train real-time rescheduling with mixed passenger
and freight traffic.

Keywords
Railway with mixed passenger and freight traffic, Dynamic priority, Train rescheduling,
Rolling horizon algorithm
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Evaluating Timetables' Capacity Utilisation with
An Extended Event-activity Network Method

Jiaxi Li?, Jonathan Preston?, John Armstrong? and Wuyang Yang®.

9 University of Southampton
b East China Jiaotong University

When scheduling a timetable for a busy network, it is very hard to ignore the rout-
ing problem because node stations might contain many conflicting train movements.
Traditionally, timetable generation and routing problems are macroscopic and micro-
scopic works, respectively. As a result, recurrent adjustments or challenging timetabling
coordination among different parts of the network will lead to overall railway planning
inefficiency. Therefore, an extended event-activity network (EEAN) model is designed
to solve the integrated timetable generation and routing (ITGR) problem. The objec-
tive function is to minimise the timespan of a given train line plan, and the timespan
is defined as capacity utilisation. A preferred-order heuristic algorithm is designed as a
solution to the EEAN model. The study takes a Beijing-Shanghai-based network as the
case scenario. The testing results show that the train order has a significant impact on
capacity utilisation.

Keywords
Railway Capacity, Integrated Timetabling Problem, Event-activity Network, Mix-integer
Programming
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Challenges and opportunities for the railway system in 2050:
results from a survey of experts

Michael Nold and Francesco Corman.

Institute for Transport Planning and Systems, ETH Ziirich

The share of public transport in total traffic of the railway is relatively small, although
the railway system has the properties of being very energy efficient, very space efficient
and capable of delivering transport services of high quality (speed, comfort, etc.). The
technological further developments enable further improvements in many areas. The
aim of this study is identify challenges and opportunities for the technological further
development of the railway system to ensure the expansion of railway services, and
enabling a modal shift. For this, 30 experts from the areas of railway operator, industry
and research from Switzerland and Europe were surveyed in multi-stage interviews
concerning a holistic technological view on the system. The results are categorized in
the areas supply, operational and technology and evaluated by their potential, system
impact time horizon and model shift impact. The findings show, there is no single game
changer in the system, but many aspects which contribute to the technologies further
development. The largest developments are expected in the area of automation of the
railway system. Revolutionary changes and completely new systems are perceived as
unlikely, due to cost, benefits, and life cycle aspects which are very difficult to estimate.

Keywords
Future railway, technological development, pull measures, railway system 2050, experts
survey
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Examining the Validity of Using Train Position Data
for Railway Traffic Control by Machine Learning

Baihan Huang, Joe Wright and Taku Fujiyama.

University College London

Currently, railway traffic control at junctions, in particular during disruptions, is still
mainly conducted by signallers. There have been studies that utilise optimization
techniques and simulation models, but they need some time to produce solutions and
simulation model development can be resource-consuming. This research investigated
the validity of applying an offline reinforcement learning approach to berth-level log
data of signal systems. It developed a Conservative Q Learning (CQL) framework to
transform log data to training data, then applied it to a set of data of a case study area
around London Waterloo East Station. We found that the RL model converged quickly
with a total 8000 training steps and that obtained Q values were sound. This result
suggests that the developed framework seems promising and can be researched fur-
ther for railway traffic management.

Keywords
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Capacity gains with virtual sub-sections in the ETCS Signaling System

Alex Landex and Lars Wittrup Jensen.
Ramboll

This article describes the main differences between level 1-3 in the new European
signaling standard, ETCS, and conventional signaling systems. Besides, the relatively
new hybrid signaling system between ETCS level 2 and 3 - hybrid level 3 with virtual
sub-sections - is described. Based on the description, the differences in headways and
capacity between level 2, hybrid level 3 with virtual sub-sections and level 3 are inves-
tigated using a line headway calculation model. The results demonstrate ETCS level 3
have shorter headways than level 2 and hence higher capacity, and that hybrid level 3
with virtual sub-sections headways is between level 2 and 3. The exact capacity of hy-
brid level 3 with virtual sub-sections compared to level 2 and 3 depend on the length
of the virtual sub-sections and the proportion of trains equipped with train integrity
monitoring system. The article discusses on which types of railway lines ETCS level 2,
hybrid level 3 with virtual sub-sections and level 3 are the most relevant. Besides, it is
discussed that the capacity gain of higher levels of ETCS is the biggest for succeeding
trains with the same speed and operational pattern.

Keywords
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Optimizing Resource Planning in Shunting Yard
with Constraint Programming
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¢ Beijing Jiaotong University
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The shunting yards are operated to disassemble and assemble rail cars, which is cru-
cial for freight transportation in the railway network. The efficiency of shunting yards
has a profound impact on railway freight service reliability. However, the utilization
of resources often becomes the key to restricting the operation efficiency of shunt-
ing yards, which is also the main reason for the uncertainty of the yard processing
time in addition to the complex organization process. To address this challenge, we
introduce a hybrid flow shop scheduling problem (HFS) to find optimal schedules for
the resource allocation in the yard. To solve, we develop a new constraint program-
ming (CP) model. The performance of the proposed approach has been demonstrated
in a Chinese shunting yard. Furthermore, we discuss the benefits of the proposed
approach and future directions for extension under the framework of real-time yard
resource scheduling.

Keywords
Shunting yard, Hybrid flow shop scheduling, Freight transportation, Constraint
programming
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Optimization of the Combination of Cycle Times
for High-Speed Railway Network

Hongda Wang, Lei Nie, Zhiyuan Yao and Zhenhuan He.

Beijing Jiaotong University

Periodic operation mode has been given much attention to high-speed railway recent-
ly in China. The reasonable cycle time is the basis for both the periodic train line plans
and cyclic train timetables. However, there is a lack of quantitative research on the
length of cycle time. This paper presents a method to determine the periodic train ODs
and construct the periodic line pool. Then, a bi-objective integer programming model
is proposed to obtain the periodic line plans under different combination of cycle
times, which comprehensively considers the number of direct ODs and the estimated
transfer times. We use the corresponding periodic line plan as an evaluation tool to
compare the pros and cons of different combinations in the network level. Compu-
tational experiments based on the real data of railway network composed of Beijing-
Shanghai high-speed railway, Qingdao-Jinan high-speed railway and Xuzhou-Lanzhou
high-speed railway are carried out and the results of eight cycle time combinations, of
which each railway line has two options: Th and 2h, are compared to demonstrate that
the recommended combination is that the cycle time is set to 1h for all three railway
lines in the experiments.

Keywords
High-speed railway, Cyclic operation mode, Periodic line plan, Cycle time, Bi-objective
integer programming model
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Real-time train timetable and rolling stock circulation plan rescheduling
in an urban rail transit network: an integrated optimization approach

Shan Jiang?, Yongxiang Zhang?, Qiyuan Peng?, Tianyin Zhao?, Tao Feng?
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Real-time train rescheduling is necessarily required to deal with the disturbances that
occur in the urban rail transit (URT) system, since the disturbances may cause delays
and disturb the operations of the URT system. This paper studies the integrated re-
scheduling problem of the train timetable and rolling stock circulation plan in a URT
network with a high train operating frequency. An integer linear programming (ILP)
model is proposed, as the train timetable rescheduling (TTR) problem is modeled
through an event-activity network, and the rolling stock rescheduling (RSR) problem
is modeled as a multi-commodity flow problem. The objective of the model focuses
on minimizing the weighted sum of the total economic penalties for service cancella-
tion, delay, and deviation from headway. Meanwhile, rescheduling strategies, such as
TTR, RSR, skipped stops, short-turning, and cancellation, are considered and integrated
into the ILP model. To solve the large-scale rescheduling problem more efficiently, a
time decomposition algorithm is developed to divide the whole problem into several
subproblems and solve each subproblem sequentially with the Gurobi solver. The in-
tegrated model is tested on a set of real-world cases based on the 2022 INFORMS RAS
problem solving competition, which verifies the effectiveness of the integrated opti-
mization of TTR and RSR. The results show that the integrated model can effectively
reduce the spread of delays in the URT network and restore the normal operations of
train services.

Keywords
Integrated optimization, Train timetable rescheduling, Rolling stock rescheduling, Integer
linear programming model
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Optimizing rollout strategies for migration to moving block signaling - a
MINLP-based approach for on-board train integrity monitoring technology

Jakob Geischberger, Alessa Isberner and Norman Weik.

German Aerospace Center, Institute of Transportation Systems

Increasing demand on heavily-used rail corridors in line with the modernization of the
signaling architecture are key drivers for migrating to modern, moving-block based
train control in the European railway network. In order to maximally profit from the in-
crease of reliability and reduction of costs associated with shifting towards full ERTMS
Level 3 from a network management perspective, additional requirements on the fleet
management level arise. Amongst other things, all trains operating on these lines need
to be equipped with on-board train integrity (OTI) monitoring solutions. In order to
facilitate the planning of the OTI network migration processes, a MINLP-model is pro-
posed which allows economic optimization of OTI migration in view of fleet allocation
and the removal of trackside equipment for train integrity verification within the net-
work. The model is tested in a case-study based on a generic network abstracted from
the Austrian mainline network and found to significantly enhance planning compared
to heuristic migration strategies.
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Embedded Model Predictive Train Control
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Train trajectory optimization for energy-efficient and minimum-time train control has
attracted the attention of many researchers and practitioners, due to its potential in
driver advisory systems and in automatic train operation. For algorithmic develop-
ments in the field to have an impact on the railway industry, it is evident that low com-
putation times are of paramount importance. Various methods based on Pontryagin’s
maximum principle and dynamic programming have been proposed in the literature
that satisfy this requirement, each with their advantages and limitations. In this paper,
we use state-of-the-art methods and software from the field of embedded optimiza-
tion to repeatedly solve trajectory optimization problems as the train progresses on
the track. We demonstrate how challenging problem formulations can be tackled in
milliseconds, even on resource-constrained hardware, and study the effect of feedback
delay on the control performance.

Keywords
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10t International Conference on Railway Operations Modelling and Analysis 93

Session 2.1B: Railway traffic management and rescheduling |
Submission type: Research paper

Presentation type: Oral

Paper ID: [78]
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Leo D'Amato?, Federico Naldini®, Valentina Tibaldo?, Vito Trianni® and Paola Pellegrinib.

9 Institute for Cognitive Sciences and Technologies, CNR
b Université Gustave Eiffel, COSYS-ESTAS

Railway traffic management requires a timely and accurate redefinition of routes and
schedules in response to detected perturbations of the original timetable. To date,
most of the (automated) solutions to this problem require a central authority to take
decisions for all the trains in a given control area. An appealing alternative is to con-
sider trains as intelligent agents able to self-organize and determine the best traffic
management strategy without any central control. This could lead to more scalable and
resilient management strategies, that can also take into account the real-time mobil-
ity demand. In this paper, we propose an implementation of a self-organizing railway
traffic management system, designed in a way to enable real-world deployment. We
describe the different processes brought forth by the trains in a decentralized way, and
evaluate the approach in a realistic setting representing traffic in a French control area.
The results confirm that self-organizing railway traffic management is a viable option,
and foster further research in this direction.

Keywords
Railway traffic management, Optimization algorithms, Self-organization, Consensus
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Flexible trains in timetabled traffic

Sara Gestrelius, Martin Joborn and Zohreh Ranjbar.
RISE Research Institutes of Sweden AB

In Europe, trains run according to a timetable. Arrival and departure times at all sta-
tions are specified beforehand and should be adhered to during operations. However,
some types of freight trains could benefit from more flexible operations that, e.g., allow
trains to depart whenever they are ready. In this paper, we investigate the feasibility of
operating trains with different types of flexibility on a line primarily used by freight
trains. Two types of flexibility are employed depending on the type of traffic: departure
flexibility and in-between delivery commitment flexibility. The former means that trains
can run completely flexibly, while the second ensures that trains arrive and depart on
time at commercially important locations. Iron ore trains could benefit from more flex-
ible operations, and our case study is the Iron Ore Line in Sweden and Norway. Two
types of analysis are used to evaluate whether more flexible operations is feasible. First
of all, operational data is analysed to assess the flexibility of the current operation, i.e.,
to assess whether the established timetable is followed. Secondly, timetable analysis is
used to assess the potential benefit of allowing flexible departures. The results show
that the traffic is already operated quite flexibly, and that departure flexibility in com-
bination with in-between delivery commitments flexibility seems to be both feasible
and beneficial. In particular, a small degree of in-between delivery commitments flex-
ibility improved the quality of the departure flexible train paths.

Keywords
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Railway Rescheduling Considering Rerouting
of Connecting Trains after Perturbations

Bishal Sharma?, Paola Pellegrini?, Joaquin Rodriguez® and Neeraj Chaudhary®.

9 Gustave Eiffel University
b Rail Concept

In busy networks, several connecting trains run throughout the day, and passengers
often transfer from one train to another. To allow transfers, a minimum amount of time
is allotted for connections, called minimum connection time. During operations, trains
may get delayed when there is a perturbation in the network. Reducing the connec-
tion time between trains is one option to limit delay propagation but enough time
must be left for passengers to transfer.

Real-time Railway Traffic Management Problem (rtRTMP) consists in adjusting train
timetables in the presence of perturbations. It does so by employing appropriate
control measures, such as re-timing, re-ordering, and re-routing. In this research, we
extend an existing mixed-integer linear programming based algorithm for the rtRTMP.
Specifically, we propose two enhancements to limit delay propagation by exploiting
connection time buffers. We use a case study from the French Lille-Flandres station to
validate the enhancements.

Keywords
Real-time traffic management, Rescheduling, Passenger connections, Train rerouting,
Connection time
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Line Edge Graphs: a Methodology to Model and Determine Generic Lines,
Line Plans and Line Type Services in Public Transport Planning

Stefano Gioia
ZHAW, ETH Zurich

In line planning, the direct connections constituting lines generally derive from pre-
defined supply networks per linetype (or line type, each usually offering different
speed and comfort levels to the passengers, e.g. Regional, Inter-Regional), or linetype
networks, and available line plans for which different stopping patterns (possibilities)
may be evaluated. Relevant connections according to typical operations research
objectives, related to customers (depending on demand models, e.g. travel time) and
operating costs, may be excluded. Instead, the connections could be selected before
evaluating and for generating the line pool (candidate lines set), offering the possibility
to define linetype networks even from scratch and to evaluate only effective stopping
patterns. Moreover, lines are designed to serve all the stops (so connections) on the
path specified in their linetype network or in the transportation network, if additional
connections or stopping patterns (implying skipping stops) are not given. How to
obtain line plans without these restrictions? How to determine the effective direct
connections and (candidate) lines for a multi-linetype-based (multimodal) service?
What is the impact of such service level or product differentiation? This work solves the
outlined issues by introducing Line Edge Graphs, which can model all the possible can-
didate direct connections and any line expressed as sequence of them. It's also shown
how the proposed methodology can consider multiple objectives as perceived travel
times, operating costs, transfers, direct travelers. Reductions of 22% and 7% for costs
and travel times can be reached concurrently for a regional line plan in Switzerland.

Keywords
Halting Patterns, Line Pooling, Demand Modeling, Multimodal Transportation Network
Design, Applied Mathematics
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Single track dispatching using Petri nets

Dusan Jeremi¢ and Sanjin Milinkovi¢.

University of Belgrade - Faculty of Traffic and Transport Engineering

Simulation of railway operations are often an efficient way to analyse the complex sys-
tem of the single-track line. We present a High-level Petri Net model capable to analyse
concurrent behaviour of distributed systems and to model the railway operations on a
single-track line with hierarchical structure of connected modules. One of the modules
uses Petri Nets properties to incorporate dispatching logic as a set of controlling ac-
tions during the simulation run. Dispatching logical reasoning uses train location as
an input, and comparing traffic situation, available tracks in neighbouring stations
and train priority regulates train movements. We have tested the model on the on a
section of a single-track railway line in Serbia, between Vrbas and Zednik. Simulation
results provide details on typical details on trains movement (train times), and section
occupation, but also provide results related to the activation of dispatching subsystem
where three dispatching actions were observed: trains stopped on the main track,
trains diverted to one of the sidings, and trains diverted to siding and stopped. In this
paper we focus on results related to the actions triggered by the dispatching module
and test three scenarios with different inputs.

Keywords
Deadlock prevention, High-level Petri nets, Railway simulation, Train dispatching logic
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Information to passengers under overcrowding situations: good or not

Yonggqiu Zhu and Francesco Corman.
ETH Zurich

In public transport systems, vehicles can sometimes be so crowded that passengers
experience onboard discomfort or are even denied boarding. The overcrowding situa-
tions can happen during peak hours of a day or during special events (e.g. music fes-
tivals and sports) that introduce huge travel demand for specific stations. Publishing
the information about the overcrowded vehicles could benefit some passengers but
at the same time negatively affect others. In this paper, we show the (dis)advantages
of information provision to specific passengers during overcrowding, and investigate
the conditions under which providing information is good or not from the perspective
of the whole system. We develop different information provision strategies, which dif-
fer in the information content; and analyze the effects of these strategies considering
the resulting delays over all passengers in our designed overcrowding scenarios. The
results indicate that whether to give information and how much information should
be given are relevant to the ratio between the benefiting demand and the negatively-
affected demand, the proportions of passengers who can benefit from any informa-
tion and the passengers who can only benefit from specific information, and the travel
time differences between different alternatives. According to the results, we suggest
that operators can play with the information to distribute the passenger flows towards
a system-optimum condition that leads to the smallest passenger delays when vehicle
capacities are in short supply.

Keywords
public transport, overcrowding, passengers, information
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Capacity Evaluation of ERTMS/ETCS Hybrid Level 3
using Simulation Methods

Daniel Knutsen?, Nils O. E. Olsson® and Jiali Fu@.

9 VTI Swedish National Road and Transport Research Institute
b NTNU Norwegian University of Science and Technology

ERTMS/ETCS Hybrid Level 3 was designed with the goals of achieving higher capacity
and increasing the robustness of the railway network, in a cost-effective way. This pa-
per evaluates the capacity effect of Hybrid Level 3 on both microscopic (two trains) and
macroscopic (network) levels. Key performance indicators, headway for microscopic
model, and punctuality and capacity utilization for macroscopic model are identified
and used to evaluate the effects on capacity gains. Two microscopic cases have been
conducted to look at how the performance indicator headway is affected by different
lengths of virtual blocks. Using the microscopic mode in RailSys simulation software,
the interaction between two trains has been studied. The results show that the head-
way is similar for different virtual block lengths. Furthermore, two macroscopic cases
look at how the performance indicators punctuality and capacity utilization are af-
fected by the share of Level 2 and Level 3 trains in a Hybrid Level 3 system. Simulations
have been conducted in RailSys macroscopic mode, using a real-world infrastructure
and a complete timetable. The result shows that the share of Level 2 and Level 3 trains
has minor effect on punctuality and capacity utilization.

Keywords
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Robust optimization of train timetable with short-turning strategy
considering uncertain passenger demand and vehicle selection

Fangsheng Wang, Pengling Wang, Zixuan Zhu, Xiaofang Xiao and Ruihua Xu.

Tongji University

Considering the uncertainty of passenger demand and vehicle selection, this paper
investigates a robust optimization approach for the train timetabling problem with
short-turning strategy in urban rail transit system. With the scenario-based representa-
tion of passenger distribution, a mixed-integer linear programming (MILP) model is
formulated that simultaneously integrates train timetabling, short-turning strategy and
rolling stock circulation. The proportion of passengers who take the short-turning train
services to the last station of the short-turning region and transfer to the full-length
train services to their destination stations, is introduced to describe the passenger
vehicle selection behavior under short-turning strategy. Finally, three experiments are
designed for Xi'an Metro Line 3 to verify the solution quality and effectiveness of the
proposed methods. The results indicate that the robust train timetable can more ef-
fectively satisfy multi-scenario passenger demand than the satisfactory train timetable
generated by independent optimization of each demand scenario.

Keywords
train timetable, robust optimization, short-turning strategy, uncertain passenger demand,
vehicle selection
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Increasing Robustness at Single-Track Lines
using the Indicator Robustness in Passing Points

Emma Solinen and Anders Peterson.

Linképing University

When several trains are planned to use the same infrastructure resource, there is al-
ways a risk for spreading of delays, which can be hard to recover from. It is a challenge
for the Infrastructure Manager to make timetables that accommodate as much traf-
fic as possible, without causing bad on-time performance. Timetable planners are in
need of quantitative indicators to assess timetable robustness and accurate methods
for how to make the timetable more robust. In this paper we assess the robustness
for single-track lines with non-periodic timetables. At single-track lines, trains use the
line for running in both directions and the trains can only pass or overtake each other
at passing loops. This makes the system more sensitive for delays. In this paper we
present a robustness indicator which captures the dependencies between trains at a
single-track line. The indicator can be used to illustrate weaknesses in a timetable and
also to indicate where and how to insert more robustness. In a simulation study, we
show that it is possible to improve the performance by making small timetable adjust-
ments according the indicator, without increasing runtimes or capacity utilization.

Keywords
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Non-stationarity in Train Delay Propagation Analytics
Based on Markov Chains

Thomas Spanninger and Francesco Corman.
ETH Zurich

Markov chain models have been applied extensively in context of descriptive and pre-
dictive train delay propagation analytics. One of the main reason for Markov chains be-
coming popular in this context is their simple and demonstrative method of modelling
the dynamics of railway system based on simplifications on the dependency structure
of train-events (i.e., arrivals and departures). They also allow the exploitation of historic
train movement observation in a data-driven modelling style. Markov chains convince
in terms of interpretability by providing transition probability matrices for predefined
states of delay. Therefore, Markov chains can be regarded a stochastic baseline predic-
tion approach for train delays. They are also often used to provide descriptive analytics
of delay propagation in railway systems. In this study, we analyze the widely used sta-
tionarity assumption of Markov chains in context of train delay propagation analytics
(i.e., the assumption that the transition probability matrices for all processes are equal).
We introduce twenty increasing levels of non-stationarity. We show in an application
within the Swiss railway network that the relaxation of the location-based homogene-
ity assumption of stationarity is by far the most important relaxation in comparison
to process-, direction-, line- and time-specifications of transition probabilities. This
highest level of non-stationarity reduces the mean absolute error of the prediction
substantially by more than 55\% compared to the stationary Markov chain model.
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An Approximate Conflict Detection and Resolution Model
for Moving-Block Signalling by Enhancing RECIFE-MILP

Nina D. Versluis?, Paola Pellegrinib, Egidio Quaglietta®, Rob M.P. Goverde®
and Joaquin Rodriguez®.

9 Delft University of Technology,
b Université Gustave Eiffel

Conflict detection and resolution models are being developed to support railway traf-
fic management in taking optimised rescheduling decisions in case of disturbances.
Existing models mostly concern fixed-block signalling systems, in which minimum
train separation distances are determined based on a preset number of blocks repre-
senting worst-case braking distances. In a moving-block signalling system, minimum
train separation is based on absolute braking distances and hence depends on train
speed differently from how fixed-block conflict detection and resolution models. In
this paper, we propose a conflict detection and resolution model that approximates
moving-block operations. The model enhances the state-of-the-art fixed-block re-
scheduling model RECIFE-MILP. The enhancements include a reconsideration of the
discretisation of the infrastructure, the introduction of a speed profile alternative and
a redefinition of the blocking times. We verify the model by comparing the solutions
of the moving-block version with the fixed-block version for a specific scenario. The
results indicate that the moving-block model can propose different rescheduling deci-
sions than the fixed-block model with a better delay recovery.

Keywords
Railway traffic management, Conflict detection and resolution, Rescheduling, Moving-
block signalling, Mixed integer linear programming
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Railway Traffic Optimization: Robustness to Driving Behaviour Noise

Bianca Pascariu?, Balraj David®, Paola Pellegrini® and Grégory Marliére?.

@ Université Gustave Eiffel,
b ENTPE

The real-time Railway Traffic Management Problem (rtRTMP) is a classical problem in
the field of railway operations research. It consists in defining the passing orders and
the arrival and departure times of trains in stations and selecting their route across the
network. The aim is to minimize delay propagation, given a perturbed timetable. Sev-
eral models and algorithms have been developed to solve this problem and provide
optimized decision support systems. However, most of the systems have been tested
in controlled environments without considering the train movement uncertainties that
might be encountered in real implementation. For example, train driving behaviour is
a source of noise for train operations that can significantly alter the traffic predictions
used in the rtRTMP. In this paper, we study the robustness of the rtRTMP solution in
terms of its ability to cope with train operations noise, which is inevitable in practi-
cal deployment. We consider a closed-loop framework that integrates OpenTrack, a
commercial railway traffic simulator, with RECIFE-MILP, an rtRTMP solver. The solver
periodically communicates with the simulator, providing optimized traffic manage-
ment decisions for a given time horizon and receiving traffic feedback. The quality of
traffic management decisions made in closed-loop is compared to the application of
the First Come First Serve (FCFS) approach. Moreover, we compare the former with
the use of RECIFE-MILP in open-loop, i.e., performing a single traffic management op-
timization at the beginning of the time horizon and sticking to the decisions made for
the whole time. Computational experiments are performed on a portion of the French
rail line between Paris and Le Havre. The analysis shows that the closed-loop rtRTMP
framework significantly enhances solution robustness by reducing the impact of noise
on total delay.

Keywords
Real-time Railway Traffic Management, Train Scheduling and Routing, Empirical Analysis,
Robustness
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Demand Responsive Service in Railway: A Framework
to Realize by Flexible Train Timetable

Songliang Zhang, Dewei Li and Yaqgiong Zhao.

Beijing Jiaotong University

For railway system, passengers and operators have irreconcilable information asym-
metry with each other. Passengers may be crowded at some time and operators are
unable to provide adequate capacity to service. To solve this problem, we put forward
a framework to offer demand responsive service by flexible timetable. Trains may oper-
ate at different time every day within a specific time window, and the exact operat-
ing time for one train in a particular day will be determined according to passengers’
actual travel demand on that day. This will meet various passenger demand, which
is based on an advanced trip reservation system with regulation of reservation and
customization. Passengers can submit their travel demand in this way at any time and
flexible timetable will be optimized. Reserved passengers can receive travel feedback
according to their personalized demand. This pattern will improve passengers’ satisfac-
tion with railway and operating revenue.
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Restoration time for corrective maintenance
on the Swedish railway network

Grace Mukunzi®, Emil Jansson® and Carl-William Palmquvist?.

9 Lund University
b KTH Royal Institute of Technology

Operationally, preventative maintenance, which is planned well in advance, is the most
ideal. However, the need for corrective maintenance is inevitable. With the goal of an
increased modal share for train traffic (both passenger and freight), the wear of the
infrastructure and associated random failures will increase due to an increase in train
movements. Thus corrective maintenance needs to be handled as soon as possible.i.e.,
short response times and short repair times to minimize network delays. In this study,
factors influencing restoration times (response times and repair times) have been
studied based on five years of failure reports from the Swedish railway network. The
median response time is 41 minutes and 83% of all failures are responded to within
2 hours. The median repair time is 80 minutes and the median restoration time is 159
minutes. The results show that failure type has a higher influence on the restoration
time than the geographical location of the failure. 93% of accidents/incidents are
restored within 2 hours while only 37% of track failures are restored within 2 hours.
The results of the restoration time showed geographical differences, however, without
any clear correlation between rural or metropolitan areas, both the shortest and the
longest restoration times were in rural areas in the north of Sweden. Temporal factors
(months) were seen to have minimal impact on restoration time. These results provide
insight into factors that influence the performance of corrective maintenance and
may be used as a basis for the development and improvement of railway disruption
management protocols.
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Solving the Timetabling and Routing with Order Constraints Problem
to Optimize Railway Capacity Utilization

Inneke Van Hoeck and Pieter Vansteenwegen.

KU Leuven

In heavily used railway networks, it is crucial to utilize the available capacity as effi-
ciently as possible. In this paper, the Timetabling and Routing with Order Constraints
Problem is considered. In this problem, the current timetable can be adjusted by
changing both the timings and the routes of the trains, while specific order constraints
are imposed. The objective is to maximize the smallest buffer times between trains in
the network to improve the robustness. A MILP model that represents this problem is
given. Due to computational limitations, a heuristic approach is suggested to solve the
problem. Two zones in a complex part of the Belgian network are considered in the
case study. For these zones, the heuristic allows to increase the minimal buffer time
with a percentage of 26.19% and 128.21%, respectively.
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Lagrangian relaxation based speed profile optimization for multiple trains
under virtual coupling with operational state transition

Songwei Zhu?, Yihui Wang?, Shaofeng LuP, Andrea D Ariano® and Lingyun Meng?.

9 Beijing Jiaotong University),
b South China University of Technology
¢ Roma Tre University

To increase the capacity of rail transit, the virtual coupling train operation is proposed.
With the development of vehicle-to-vehicle communication technology and signalling
technology, the virtual coupling operation will come true in the future. The operation
under virtual coupling is different from the ordinary moving-block operation, so it is
of great importance to investigate the speed profiles optimization for multiple trains
under virtual coupling. In this paper, a mixed integer nonlinear programming model
is proposed to describe the train operation under virtual coupling, where the states of
virtual coupling are denoted by binary variables. The nonlinear model is transformed
into a mixed integer linear programming model by a piecewise-linear method, so that
the problem can be solved by existing solvers. In some scenarios where the distance
between two trains will decrease, the constraints of safety distance make the prob-
lem hard to solve. To enhance the computational efficiency, a Lagrangian relaxation
method is proposed to deal with the constraints of safety distance. Based on the data
of Beijing-Shanghai high-speed railway, numerical experiments are conducted to dem-
onstrate the effectiveness of the proposed methodology in coupling and decoupling
scenarios. The results indicate that the proposed model can be used to optimize the
speed profile for multiple trains under virtual coupling, and the Lagrangian relaxation
method can achieve better performance than solving the problem by CPLEX directly
in the coupling scenario.

Keywords
Trajectory optimization, Virtual coupling, High-speed railway, Mixed integer linear
programming
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Data-driven based circular train design of railway freight transportation

Yuan Chen, Minyi Cai, Haodong Li and Jiagi Ding.

Beijing Jiaotong University

Circular train is a type of rail freight product that service specific freight stations circu-
larly with the fixed railcars. The organization of circular can not only improve the level
of service, but also promote the utilization of resources such as railcars to increase the
efficiency of freight transportation. This paper develops a data-driven framework to
design circular trains based on loading data of China Railway network. This framework
first identifying the potential freight demand that may organize circular train during
the plan horizon. The OD (Original and Destination) of those demand are transformed
into nodes, and then an optimization model for circular train organization is proposed
based on multiple traveling salesman problem (MTSP). A case study based on historical
data from China Railway demonstrate that the proposed solution method yields the
optimal circular trains organization plan.

Keywords
Railway freight transport, Circular train design, Data-driven, Demand analysis, DBSCAN
algorithm
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Coordinated train rerouting and rescheduling in large infrastructures

Xiajie Yi?2, Grégory Marliére®, Paola Pellegrini®, Joaquin Rodriguez®
and Raffaele Pesenti®.
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Railway traffic controllers often face the problem that trains do not operate as planned
in their timetables because of perturbations caused by unexpected, degraded opera-
tions, e.g., due to technical failures. This paper deals with a coordinated train rerouting
and rescheduling problem to minimize the impact of perturbations, i.e., to minimize
delay propagation. We consider the problem of coordinating traffic management
across different control areas, which is modeled as a two-level optimization problem.
We assume that the second level controllers, the dispatchers, manage train schedules
and routes in their own control areas from a microscopic perspective. The first level
controller, the coordinator, optimizes traffic and ensures the compatibility of dispatch-
ers' decisions over two or more areas from a macroscopic perspective. We propose an
iterative solution algorithm for the optimization problem. In this algorithm, infeasibili-
ties and delays are detected. We provide computational results and discussions at the
end.

Keywords
Real-time traffic management, Perturbations, Coordination problem, Dispatching problem,
Iterative algorithm
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Towards a Generic Heuristic Approach for the Real-Time
and Automatic Schedule Adjustment

Arturo Crespo Materna, Cedric Steinbach, Andreas Oetting and Shanging Chai.

Institute of Railway Engineering, Technical University of Darmstadt

In the context of the current digitalization of railway operations towards a more ef-
fective and efficient utilization of the available capacity, decision-support systems for
dispatching have become key assets. The execution of scheduled railway operations
is characterized by the adjustment of the existing schedule to the occurrence of sto-
chastic events. Due to the complexity of the schedule adjustment process, a series of
decision-support tools have been developed to assist dispatchers in real-time. Given
their flexibility, heuristic methods arguably stand as the most relevant alternative to
constitute such tools. The contribution of this article is aimed at deriving a generic (i.e.
generally applicable) heuristic approach that supports the automatic and real-time ad-
justment of scheduled railway operations. To achieve the proposed aims, a systematic
review of existing literature is conducted. All the approaches retrieved from the litera-
ture are carefully analysed, categorized and processed to identify the widest set possi-
ble of processes and frameworks. The results from the analysis are utilized to derive the
sought generic heuristic approach. Ultimately, an example of the implementation of
the proposed generic heuristic approach in a praxis-relevant situation is provided. This
study provides outstanding entry points for further conducting experimental research.
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Maximizing railway punctuality: A microsimulation evaluation
of robust timetabling methods

Johan Hégdahl? and Markus Bohlin®.
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Punctuality is commonly recognized as one of the most important quality indicators
for passenger traffic. Despite this, surprisingly few methods for explicitly maximiz-
ing punctuality by optimizing the timetable exists in the literature. We study how
late-stage adjustments during the capacity allocation can improve punctuality of
the traffic. In this paper, we therefore extend a combined simulation-optimization
method so it can be used to explicitly maximize the predicted punctuality of a given
nonperiodic timetable on a double-track line. The method is evaluated in two micro-
simulation experiments in the southbound direction of the Swedish Western Main Line
using Railsys. We compare the method in simulation with our previous method for
minimizing total disutility, two methods from the scientific literature (light robustness,
and robustness in critical points) and two naive strategies. The methods’ effectiveness
is assessed in a detailed statistical analysis considering end-station punctuality, total
punctuality, and the robustness measure total disutility. Only light robustness results
in timetables that in simulation performs better or equally well as the given timetable
(based on the national timetable) with respect to all performance measures and evalu-
ated scenarios. The method for maximizing punctuality performs best with respect to
total punctuality.
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Application of Simulation-assisted Machine Learning
for Yard Departure Prediction
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Increasing the modal share of rail freight is an ongoing goal in Europe and North
America. Yards can play an important role in realizing this target by their reliable and
predictable performance. We aim at predicting yard departures by implementing a
simulation-assisted machine learning model via two general and step-wise concepts
for including the predictors. The former adds all predictors at once, and the latter adds
them per the availability or the sub-yard. The data used for training the model is a one-
year real-world operational data set from a European hump yard and multiple two-year
simulation data sets from a representative hump yard in North America. To the best
of our knowledge, no previous research has attempted to implement a generalizable
prediction model between the European and the North American contexts. The model
is developed on a decision tree algorithm based on a 10-fold cross-validation process.
Comparing the model performance on three data sets: the real-world, a baseline simu-
lation, and an ultimate randomness simulation shows that the model has a similar per-
formance in the first two data sets with a respective R-squared of 0.90 and 0.87, which
shows high capturing of the variance in the data. However, adding large randomness
in the simulation decreases the R-squared to 0.70. Results for the step-wise inclusion of
the predictors are different for the real-world and simulation data. For the former, add-
ing more operational predictors does not change the model performance, whereas for
the latter, adding departure yard predictors increases the R-squared substantially. The
global feature importance shows that for the real-world data almost all predictors con-
tribute to a great extent to the predictions, with maximum planned length, departure
week day, and the number of arriving trains as the most contributing ones, whereas
for the simulation data, the departure yard predictors provide the largest contribution.
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A Hybrid Bogie Maintenance Approach
to Optimize Railway Fleet Availability
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9 ETH Zurich
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Railways are a reliable, efficient and low-pollution solution for the mass transportation
of passengers and goods. This imposes high demands on service quality, resilience
against failures and cost-effectiveness. The increasing demand for sophisticated and
flexible models for the improvement of the maintenance decision-making process in
railways fuels research that largely exploits the use of data analytics and optimization
tools, where availability and safety are of utmost concern. With the current advance-
ments in technologies to acquire and process failure data, a large amount of event data
and condition monitoring data are available, making it possible for railway providers to
shift from the traditional maintenance paradigm consisting of corrective and preven-
tive maintenance tasks to more-flexible maintenance strategies that also incorporate
other types of maintenance tasks. This paper provides a case study on the optimiza-
tion of the availability of a small fleet of locomotives of a train operating company
operating in Catalonia, Spain. The model aimed to study the viability and measure
the expected economic returns of shifting from a complete preventive maintenance
program to a hybrid program incorporating condition-based and predictive mainte-
nance tasks in selected components of the locomotives' bogie. A deterioration model
along with failure rate estimation was proposed and integrated into the optimization
formulation, and the scheduling model was tested for a 4-year interval. The framework
was able to mimic current maintenance practices and show that shifting to a hybrid
maintenance plan resulted in reduced unavailability costs.

Keywords
Railway Maintenance Scheduling, Rolling Stock Bogie, Mixed-Integer Linear Programming,
Degradation Model, Reliability Analysis
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Line Planning for Time-Varying Passenger Demand in Railways

Viera Klasovita and Francesco Corman.
IVT ETH Ziirich

We consider the problem of line planning for a public transport network. We focus on
railways as it is more constrained by the availability of infrastructure and overtakes
along the infrastructure resources. We look at the extension to evaluate demand which
is variable across time. As a goal, we want to keep the nice solution of having a single
line plan throughout the demand variations. Formally, we study a periodic line plan,
with a set of lines that repeat a given amount of times (frequency) in a given period.
Each line has also a given stopping pattern. The frequency and stopping pattern can
vary across periods in our variable demand extension. Therefore, we design a multi-
stage optimisation model to describe this situation and indicate possible ways to solve
it. We comment on the relevance of such a solution.

Keywords
Line planning, demand, multi-stage approaches, mathematical optimisation
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Coasting advice based on the analytical solutions
of the train motion model

Alex Cunillera?, Harm Jonker®, Gerben Scheepmaker®, Wilbert Bogers®?
and Rob Goverde? (TU Delft).

9 TU Delft),
b Nederlandse Spoorwegen

A large variety of supervision, data analysis and communication algorithms monitor
trains, exploiting most of their available computational power. On-board eco-driving
algorithms such as Driver Advisory Systems are no exception, as the computational
power available can limit their complexity and features. This was the case of Roltijd, the
in-house developed Driver Advisory System based on coasting advice of Nederlandse
Spoorwegen (NS), the main Dutch passenger railway undertaking. This platform cal-
culated the coasting curves at every second by integrating the equations of motion
numerically, assuming that the track is flat. However, the plans of NS regarding gener-
ating more complex driving advice require replacing this coasting curve calculation by
a more computationally-efficient algorithm. In this article we propose a new coasting
advice algorithm based on the analytical solutions of the train motion model’s differ-
ential equations that assumes the gradients and speed limits as piecewise constant
functions of the train location. We analyze the qualitative properties of these solutions
using the theory of dynamical systems, showing that bifurcations arise depending on
the value of the gradient and the applied tractive effort. We validate the proposed
algorithm by comparing its performance and accuracy against the previous method
and a train trajectory optimizer based on a pseudospectral method, finding that our
algorithm is accurate and can be 15 times faster than the previous method. This allows
NS to implement the proposed method on the trains running in the Dutch railway
network, contributing daily to the sustainable mobility of 1.3 million passengers.
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Periodic Timetabling with Integrated Track Choice
for Railway Construction Sites
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We propose a mixed-integer linear programming model to generate and optimize
periodic timetables with integrated track choice in the context of railway construction
sites. When a section of a railway network becomes unavailable, the nearby areas are
typically operated close to their capacity limits, and hence carefully modeling head-
ways and allowing flexible routings becomes vital. We therefore discuss first how to
integrate headway constraints into the Periodic Event Scheduling Problem (PESP) that
do not only prevent overtaking, but also guarantee conflict-free timetables in general
and particularly inside stations. Secondly, we introduce a turn-sensitive event-activity
network, which is able to integrate routing alternatives for turnarounds at stations,
e.g., turning at a platform vs. at a pocket track for metro-like systems. We propose sev-
eral model formulations to include track choice, and finally evaluate them on six real
construction site scenarios on the S-Bahn Berlin network.

Keywords
Railway Timetabling, Periodic Timetabling, Periodic Event Scheduling, Train Routing,
Turnarounds
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Joint Optimal Periodic Timetabling and Train Routing

Florian Fuchs? and Francesco Corman®.
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Timetabling and selecting routes for trains are two inherently related topics, as one
affects the possible solutions of the other. While considering the problems indepen-
dently brings the advantage of comparably easier stand-alone problems, it might
come at a high cost of wasted capacity and unsatisfactory quality. Thus, we consider
both planning problems simultaneously. Besides, we aim to provide exact solutions
and model infrastructure topologically accurate on a mesoscopic level. Besides accu-
racy, optimality is part of our scope. Thus, we model the problem as a mixed integer
problem.

However, as we combine two problems that are already challenging when considered
independently, we provide several means to reduce the size of the instance and meas-
ures to strengthen the formulation. While these improvements positively affect com-
putation time, they do not affect solution quality. Thereby, we conserve optimality. As
a result, our approach provides simultaneously optimised timetables and train routes.
We assess our proposition on real-life instances of varying size and network utilisation.
The results underline the drastic effect of our strengthening propositions, as we report
a speed-up of more than two orders of magnitude in small instances. For more exten-
sive instances where no optimal solution can be found within the time limit, reducing
and strengthening yields higher quality solutions and optimality gaps of less than half
the value when compared against the non-reduced/strengthened formulation.

Keywords
Railway timetabling, Integrated optimisation, Timetabling and train routing, Railway
planning
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Assessing the performance of tramway junctions
with the mutualisation of rail signalling

Guillaume De Tiliere, Quentin De Cacheleu and Florian Bonet.
EGIS Rail

In the case of complex tramway networks, traffic light junctions in dense cities are
complex nodes for users and are generally synonymous of wasted time: Junctions are
critical in the performance of tramway lines and the robustness of transport plan, espe-
cially in pick hours. With a view to continuous improvement, our EGIS teams have been
looking for ways to optimise the junctions of tomorrow. In 2022, a study on simplified
manoeuvring zones was carried out with the Lyon tramway, and a deployment is be-
ing carried out on the Angers tramway in France. The present article present the results
of the simulation of operation of cross sections, based on VISSIM simulation software.
The results will allow to better understand how the performance of tramway network
operation at such junctions could be affected by the mutualisation of rail signalling.
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Shift Scheduling for Train Dispatchers

Rabii Zahir, Christiane Schmidt and Tomas Lidén.

Linkdping University

Train dispatchers monitor and control train traffic from a dispatching center, which is
responsible for a certain region in the railway network. This region is divided into sub-
areas, where each train dispatcher controls one or several subareas at any time. Given
the high safety concerns of their profession, dispatchers’ working shifts should fulfil
several legal and operational constraints, such as bounds on the length of shifts and
on the resting periods between shifts. To construct shift schedules for train dispatch-
ers is a complex and time-consuming process that is currently done manually. In this
paper, we present an optimization framework to automate this process, based on a
model for single-day shifts. Here, we focus on the objective of minimizing the number
of dispatchers as a baseline for future objectives. We present experimental results for
real-world sized data (number of geographical areas and train movements in the order
of magnitude as for one dispatching center in Sweden, covering the southern part
of the country). We study the impact on the run time for different input parameters,
namely: the total number of geographical areas, the maximum number of geographi-
cal areas that can be assigned to a dispatcher in any period, changes in adjacency
between the geographical areas, and the number of geographical areas that each
dispatcher is qualified to monitor. The run time for the instances is between 19 and
305 seconds.
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Integer Programming, Shift scheduling, Railway dispatching, Area combination
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Approximating the Rolling Stock Rotation Problem with Predictive
Maintenance by a State-Expanded Event-Graph

Felix Prause, Ralf Borndorfer, Boris Grimm and Alexander Tesch.

Zuse Institute Berlin

We study the solution of the rolling stock rotation problem with predictive mainte-
nance (RSRP-PM) by an iterative refinement approach that is based on a state-expand-
ed event-graph. In this graph, the states are parameters of a failure distribution, and
paths correspond to vehicle rotations with associated health state approximations. An
optimal set of paths including maintenance can be computed by solving an integer
linear program. Afterwards, the graph is refined and the procedure repeated. An as-
sociated linear program gives rise to a lower bound that can be used to determine
the solution quality. Computational results for two instances derived from real world
timetables of a German railway company are presented. The results show the effective-
ness of the approach and the quality of the solutions.

Keywords
Rolling Stock Rotation Planning, Predictive Maintenance, Integer Linear Programming,
Heuristic, Lower Bound
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Dwell-time Station-Service analysis using Rasch analysis technique

Ruben A. Kuipers?, Natchaya Tortainchai®, Neba C. Tony® and Taku Fujiyama®.

9 Department of Technology and Society, Lund University),
b Department of Civil, Environmental and Geomatic Engineering, University College London

In order to ensure a punctual and robust service it is vital to schedule the appropri-
ate dwell times. Current dwell time scheduling practices are mostly based on general
assumptions and lead to actual dwell times exceeding scheduled dwell times on a
regular basis. This study is a first step into using the Rasch analysis to compare the rela-
tive dwell time performance of stations and services. We assess the applicability of the
method, using dwell time records from commuter trains in Sweden and the UK. The
good model fit suggests that it is feasible to apply the Rasch analysis to dwell times.
Using the output of the model we identified that basing dwell times on passenger
volumes or average dwell times does not reflect the actual performance. Combining
the dwell time performance of stations and services we found that the Rasch analysis
can identify where to alter the scheduled dwell times. We concluded that the Rasch
analysis can be used in dwell time analyses and the outcome can be beneficial for
planners in identifying where adaptations to the dwell time would be necessary.
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Goal-oriented Self-Organization in Railways

Konstantinos Rigos, Egidio Quaglietta and Rob M.P. Goverde.
TUDelft

This paper reviews the concept of self-organisation as defined in different fields and
attempts to provide a definition of goal-oriented self-organization that can be applied
in the context of railway traffic. Based on the provided definition a modelling approach
for self-organising rail traffic is then proposed to set the basis for future research and
exploration of such a concept which could revolutionise the current rail transport to
meet long-term capacity and competitiveness goals envisaged by the railway industry.
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Assessing self-organization algorithms for railway traffic: the selection
of three case studies for the SORTEDMOBILITY research project

Fabrizio Cerreto?, Paola Pellegrinib, Rémy Chevrier® and Fabrizio Tavano?.

9 Banedanmark),

b Université Gustave Eiffel
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4 Rete Ferroviaria Italiana S.p.A.

SORTEDMOBILITY is a research project investigating feasibility, benefits, and challeng-
es of the application of self-organizing principles and algorithms in railway operations.
The proposed algorithms are being tested in different settings, focusing on the appli-
cability and results in different context. Three case studies were selected and modelled,
each with its peculiar operational settings. A local railway line in the French Brittany
with very sparse traffic is selected to assess possible reductions in operational costs
while keeping or improving the service quality. A section of a main line in Lombardy,
Italy, is selected to the assessment in more complex settings, possibly interfacing with
incomplete deployment of the technologies, and with different stakeholders involved
in the negotiations. Finally, the complete suburban railway network of Copenhagen,
Denmark, is used for a full-scale test, with high-detailed data availability, homogene-
ous operations, and very dense traffic. This paper describes the cases and relative ad-
aptations and provides information for the replicability of the validation. The suitability
for the research project and the focus area is discussed for the cases individually.
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Modelling Time in the Timetable-Based Railway Network Design Problem

Nadine Friesen?, Tim Sander®, Karl Nachtigall® and Nils NieBen?.

9 Institute of Transport Science RWTH Aachen
b Chair of Traffic Flow Sciences, TU Dresden

Due to long planning periods, the planning procedure for railway infrastructure starts
long before the planning of the intended operation. Hence, the options for scheduling
the trains in later steps are quite restricted as short-term infrastructure expansions are
problematic. Therefore, each, usually expensive, modification should be done consid-
ering the unknown future demand as best as possible.

Here, we provide a model for the network design problem for railway infrastructure
under capacity constraints and uncertain timetables. In this paper, we plan the infra-
structure measures based on a strategic timetable to investigate the possibilities for
adapting the traditional railway network design process to changing demands.

This problem is similar to the fixed-charge network design problem. We minimize the
expansion costs while respecting certain timetable constraints. We model the problem
as an integer linear program. First, we model the departure and arrival times as vari-
ables and secondly, we apply a time-expanded network.

We present the linear integer formulations for both approaches and discuss the differ-
ences in the applicability as well as in the computational results.

Keywords
Network Design, Robust Optimization, Railway Planning, Railway Network Design,
Strategic Timetabling
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Initiating Wireless Railway Network Planning with FRMCS in Croatia

Matea Mikul¢i¢?, Ivica Ljubaj® and Zvonimir Zelenika®.
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Up-to-date radio communication technology known as the Future Railway Mobile
Communication System (FRMCS) will soon replace the outdated GSM-R communica-
tion component on conventional and high-speed railways worldwide. This will contrib-
ute to higher operational safety, reliability and robustness while supporting existing
and new railway applications, but also digitise the railway sector, making it more com-
petitive among other modes. In the absence of precise migration strategies, this paper
explores FRMCS implementation possibilities on the example of the Croatian railway
network, which does not have GSM-R-based train control, but still uses an outdated
radio dispatch system. Priority of FRMCS implementation is given mainly to main lines
of international importance. Moreover, results show that choosing 900MHz-only and
-partial implementation with an additional 1900MHz layer where necessary, would
cost 50% of the 1900MHz implementation cost and 40% of the dual-layer implementa-
tion cost. Here demonstrated "greenfield" FRMCS deployment is practical not only for
countries without GSM-R network, but also for those whose railway lines are partially
equipped.

Keywords
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Real-time Mitigation of Power Peaks in Railway Networks
using Train Control Measures

Jacob Trepat Borecka?, Nikola Besinovic? and Francesco Corman?.

9 ETH Zurich
b TU Dresden

Power peaks are an undesirable phenomenon occurring in railway networks when
multiple trains require large amount of power simultaneously, for instance during ac-
celeration. This phenomena puts too much pressure into the power grid, which in the
worst cases it can result into a blackout, and hence it represents a relevant concern
for operators. One solution for this is fine-tuning of timetables to minimize power
peaks. Nevertheless, the benefits of adjusted timetables can be lost in situations with
train delays in the network. In this paper, we develop a simulation-based optimization
approach to mitigate anticipated power peaks in real-time by means of train control
measures, i.e. traction power limitation and departure time shift, combined with
real-time rescheduling. To do this, we propose a discrete-event simulation model for
real-time traffic management in railways and we use precomputed train trajectories
and power consumption profiles. We demonstrate the performance of the approach
developed in a real-life case in a part of the Swiss Federal Railways network. The results
show the potential of train control measures to mitigate power peaks above a given
power target value with small adjustments in train runs and low delay induced.

Keywords
Power peaks, Rail traffic management, Railway simulation, Train control, Mixed-integer
linear programming
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Failure mode and effects analysis of rail turnouts under fuzzy environment

Milivoje lli¢, Norbert Pavlovi¢ and Ivan Belo3evic.

University of Belgrade, Faculty of Transport and Traffic Engineering

Failure mode and effects analysis (FMEA) is a widely used risk assessment tool for de-
fining, identifying, and eliminating potential failures or problems in products, process,
designs, and services. In traditional FMEA, the risk priorities of failure modes are de-
termined by using risk priority numbers (RPNs), which can be obtained by multiplying
the scores of risk factors like occurrence, severity and detection. In this paper, linguistic
variables, expressed in triangular fuzzy numbers, are used to assess risk ratings of fail-
ure modes and the weights of risk factors. For selecting the most serious failure modes,
the extended VIKOR method is used to determine risk priorities of the failure modes
that have been identified. As a result, a fuzzy FMEA based on fuzzy set theory and
VIKOR method is proposed for the prioritization of failure modes, specifically intended
to address some limitations of the traditional FMEA. In the case study, the elements of
the turnout were observed and a model was applied over them, where the goal is to
get the ranking of the critical elements.

Keywords
Failure mode and effects analysis (FMEA), Fuzzy set theory, VIKOR method, Risk factors,
Turnouts
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Evaluating Car-to-Train Assignment Strategies for the Railway Marshalling
yard using a Multi-Agent Simulation Approach

Zhuang Li#, Hongxiang Zhang®, Wen Wen?, Bisheng He?, Yuan Wang°©
and Gongyuan Lu®.
9 Southwest Jiaotong University

b Southwest Jiaotong University; Eindhoven University of Technology
¢ University of South Florida

Optimizing car-to-train assignment decisions in marshalling stations is a significantly
effective way of coping with the massive railway freight volume and improving railway
transportation efficiency. This paper proposes a series of heuristic car-to-train assign-
ment strategies to reduce car dwell time and increase the number of outbound trains.
The heuristic strategies focus on adjusting the hump sequence of inbound trains and
assigning decoupled cars to classification tracks. To evaluate these strategies, a multi-
agent simulation model of the marshalling station operation is developed based on
a topological layout representation method, a path planning method for train move-
ments, and a route conflict elimination mechanism. The numerical experiment shows
that the multi-agent simulation can effectively simulate various operation processes
in the marshalling station. The proposed heuristic car-to-train assignment strategies
achieve promising results in reducing car dwell time and increasing outbound trains.

Keywords
Railway marshalling station, Car-to-train assignment, Heuristic strategy, Multi-agent
simulation
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Train Delay Prediction via Transformer-based Deep Learning Model

Bisheng He?, Fangzhen Shen?, Yongjun Zhu?, Andrea D'Ariano® and Lufeng Chen®.
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b Roma Tre University
¢ University of Electronic Science and Technology of China

Accurate prediction of train delays can assist the railway dispatchers in ensuring
railway punctuality, which maintains a high service level of railway. As various fac-
tors could arouse train delays, the prediction task is always a significant challenge in
academia and industry. In this paper, we propose a Transformer-based Deep Learning
(TDL) framework to predict train delays. In the model, one Transformer Network(TN)
deals with a series of the historical section running time, another TN fits a series of
trains' features of the current station, and a Fully Connected Network(FCNN) handles
the weather data. Then, the final prediction result is obtained by fusing the above out-
put of networks. A real-world data of Guangzhou South and Shenzhen North section
is tested to validate our proposed method. The experimental results demonstrate that
our model outperforms the baselines, which indicates the effectiveness of the feature
engineering and the use of TN to capture information in train operation time series.

Keywords
High speed rail, Train delay prediction, Deep learning, Transformer, Historical section
running delay
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An Agent-based Simulation System for the Operations
of Railway Marshalling Yard

Bisheng He?, Yanbo Yin?, Bo Jian Zhang?, Peng ChenP and Gongyuan Lu?.
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As an environmentally friendly and efficient transportation mode, freight rail trans-
portation faces a decrease in market share in recent years. Since the marshalling yard
occupies twothirds of the total transportation time, it is crucial to improve its efficiency
and decrease the total railcar dwell time inside the yard. Due to the multi-types of task
including the arrival and departure of trains, disassembly, marshalling, assembly, and
the corresponding operations of locomotives involved, the operation of marshalling
yard is challenging. In this paper, we present an agent-based marshalling yard simula-
tion model. The simulation, that models complicated operations from inbound arrivals,
disassembling, assembling, to outbound departures, is implemented with a dynamic
routing mechanism of moving units, multi-stage disassembly with flexible use of
classification track, and mixed assembling strategy with fixed length and fixed time
through the agent-based technology. The experiments on an actual marshalling yard
verify the validation of simulation, and the effectiveness of proposed measures.

Keywords
Agent-Based Simulation, Marshalling Yard Operation, Freight rail transport, Mulit-stage
disassembly, Routing and scheduling
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Simplified Train Consist Planner to Drive Simulations
of Alternative Energy Locomotive Deployment Strategies to Lower
the Carbon Emissions of Freight Rail Transportation

Diwen Shi? and C Tyler Dick®.
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Efforts to decarbonize freight rail transportation powered by diesel-electric locomotives
require railroad practitioners to make difficult decisions regarding the development
and future deployment of alternative energy technologies. New decision-support tools
are required to determine the set of technologies to develop and identify the network
of mainline corridors to deploy them on such that the carbon-emissions benefits of
these large capital investments are maximized. This paper describes development
of a simplified train consist planner that is one component of a larger simulation-
optimization model designed to evaluate alternative energy locomotive implementa-
tion scenarios. After reviewing previous research on train planning practices, a new
simplified framework is constructed that includes freight traffic demand processing,
train scheduling, and locomotive assignment in a simulation approach. Python is used
to construct the train planning simulation framework, and user inputs are well defined
to avoid misuse but still provide great freedom for scenarios involving different traf-
fic demands, locomotive characteristics, simulation timespan, and network size. This
flexibility is particularly important given that many alternative-energy freight locomo-
tives of the size and power required for North American mainline service are still at
the prototype stage of development, and their detailed parameters and operating
characteristics are still subject to change. When combined with other modelling and
economic decision modules under development, the simplified train planner will func-
tion as the initial stage of an advanced framework to quantify the impact of alternative
locomotive technology deployment over multiple years and provide insightful and
thorough analysis for a wide range of user-specified scenarios.
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Evaluating the Potential for Platoons of Self-Propelled Autonomous
Railcars (SPARCs) to Provide Short-Haul Intermodal Service
on Low-Density Rail Corridors

Geordie Roscoe?, Matthew ParkesP and C. Tyler Dicke.
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United States freight railroads consume in excess of 13 billion litres of diesel fuel yearly.
While efforts to improve energy efficiency and reduce emissions have made substan-
tial progress in the past decades, the benefits are relatively incremental and will not
be sufficient to realize full decarbonization. Several independent efforts are underway
to develop alternative locomotive fuels and propulsion technologies designed to fit
within the typical locomotive shell. In addition to these more conventional efforts,
multiple start-up companies are working to develop Self-Propelled Autonomous Rail-
cars (SPARCs) that achieve this decarbonization while also shaking up the traditional
railroad operating paradigm. SPARC operations with multiple platoon lengths, as well
as a control conventional train scenario were simulated on an example corridor. This
line is single track with short sidings on inconsistent intervals, which is typical of us
branch lines serving few local customers without heavy through traffic. For all traffic
levels simulated, SPARCs had a much lower transit time than the conventional trains.
Optimal platoon length varied between 15 and 38-vehicles per platoon depending on
the traffic demand, well under North American standards of over 100 car trains.
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Station capacity assessment with probabilitstic approach:
a case for Ringsted station in Denmark

Fabrizio Cerreto

Banedanmark

This study applies a probabilistic method to assess the station capacity utilization, and
the fitness of a station track layout to a traffic plan. The reviews of available methods
lead to the selection of a method based on traffic plan, track layout, and station routes
occupation times. The method’s strength is the balance between simplicity of input
and completeness of output and factors considered. The application to a Danish case
reveals some shortcomings, that were addressed with adapting the method. The defi-
nition of desired station capacity utilization, its sensitivity to changes in the traffic plan,
and uncertainty interval around the desired level should be addressed with further
studies. The case study shows the benefit of shortening blocking sections and reduc-
ing the occupation times at stations. This result is shorter blocking times between
conflicting station routes and, consequently, a lower capacity utilization by the a given
traffic plan. This analysis is suitable for the initial project phases in the infrastructure
planning process, for the screening of scenarios to be further investigated.

Keywords
Station capacity, Traffic plan, Probability, Track layout, Capacity utilization
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Selection of the Optimal Railway Public Services Regarding
External Costs and Transport Market Structure

Predrag Jovanovi¢, Milos Nikoli¢ and Dragana Macura.

University of Belgrade, Faculty of Transport and Traffic Engineering

Public service transport is very important for passenger transport, both from a political
and an economic point of view. The rail passenger transport is typically not commer-
cially sustainable, although needed for the society’s welfare. The domestic rail passen-
ger transport services are usually co-finance by governments throughout the world.
However, due to the limited budget for public service obligation (PSO) the selection of
rail routes under the PSO contract is the challenge for decision makers. In this paper,
the model for the optimal selection of the rail PSOs is developed. The integer linear
programming is used to achieve the maximum total benefit of the proposed rail routes
based on their benefits (decrease in external costs and Herfindahl-Hirschman Index
(HHI) for each route are defined), with the limited budget. The proposed model is used
to analyze the rail PSOs selection in a case study of the Serbian rail network.

Keywords
Public Service Obligation, Government, Railway Operator, Integer Linear Programming
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Service quality assesment of international rail transport

Jing Shan, Nikola Besinovi¢ and Jorn Schénberger.
TU Dresden

International rail transport plays an important role in the supply chain and has in-
creased over the last decade due to its low carbon footprint. Since launch of Eurasian
railway transport in 2011, it has experienced rapid expansion. However, relatively little
is known about the service level of Eurasian railway transport and whether it has met
supply chain performance requirements. International rail services are not cleary de-
fined and there is less literature on measuring the quality of international rail services.
Many studies have addressed rail transport performance assessment but have mainly
focused on efficiency and productivity measurements, or at the regional level. This pa-
per harmonizes service performance measurement of supply chains and international
rail transport, including key performance parameters of reliability, speed, flexibility,
cost and asset efficiency based on the Supply-chain operations reference (SCOR) mod-
el and have been tested on Euroasian railway network. Further, service differentiation
and priorities rules are introduced to improve the international rail services.

Keywords
Supply chain, International Railway Transport, Rail service quality, Railway Supply Chain
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Analysis of Safe and Effective Next-Generation Rail Signalling Systems
using a FTA-SAN Approach

Joelle Aoun?, Rob M.P. Goverde?, Roberto Nardone®, Egidio Quaglietta®
and Valeria Vittorini€.

a Delft University of Technology (TU Delft)
b University of Naples “Parthenope”
¢ University of Naples “Federico Il

Moving Block (MB) and Virtual Coupling (VC) rail signalling will change current train
operation paradigm by migrating vital equipment from trackside to onboard to
reduce train separation and maintenance costs. Their actual deployment is however
constrained by the industry’s need to identify configurations of MB and VC signalling
equipment which can effectively guarantee safe train movements even under de-
graded operational conditions involving component faults. In this paper, we analyse
the effectivity of MB and VC in safely supervising train separation under nominal and
degraded conditions by using an innovative approach which combines Fault Tree
Analysis (FTA) and Stochastic Activity Network (SAN). A FTA model of unsafe train
movement is defined for both MB and VC capturing functional interactions and cause-
effect relations among the different signalling components. The FTA is then used as a
basis to apportion signalling component failure rates needed to feed the SAN model.
Effective MB and VC train supervision is analysed by means of SAN-based simulations
in the specific scenario of an error in the Train Position Reporting (TPR) for five rail mar-
ket segments featuring different traffic characteristics, namely high-speed, mainline,
regional, urban and freight. Results show that the overall approach can support infra-
structure managers, railway undertakings, and rail system suppliers in investigating ef-
fectiveness of MB and VC in safely supervising train movements in scenarios involving
different types of degraded conditions and failure events. The proposed method can
hence support the railway industry in identifying effective and safe design configura-
tions of next-generation rail signalling systems.

Keywords
Moving Block, Virtual Coupling, Safety, Performance, Stochastic Activity Network
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Recreation of horizontal alignments with numerical optimization

Alberte Castro, Gerardo Casal, Duarte Santamarina
and Miguel Ernesto Vazquez-Méndez.

University of Santiago de Compostela

In this paper a new method for recreating horizontal alignments of existing railway
lines by using numerical optimization is presented. Based on a previously defined
geometrical model of a horizontal alignment consisting on the combination of tan-
gents, circular curves and transitional curves, two different constrained optimization
problems are formulated. The objective in both problems is obtaining an optimized
recreated alignment located as close as possible to an existing one defined by the
coordinates of a set of points belonging to its centerline, taking into account some
technical constraints. The first problem considers only the information of this set of
points for searching the optimal alignment while the second problem also includes
additional data about the geometry of the existing alignment in the optimization
process. The proposed method consists on two stages in which both problems are
consecutively solved by numerical techniques in order to obtain an optimal recreated
alignment. In order to show its usefulness, this method is applied to a case study of
a railway line section located at Parga (Spain) in which the geometry of its horizontal
alignment is successfully recovered.

Keywords
Recreated horizontal alignment, Geometrical model, Constrained optimization problem,
Numerical resolution
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Dispatching Strategy for Cross-bureau and Cross-line Trains
in Railway Network Operations

Xiaoyu Hou, Xiaojie Luan, Zhengwen Liao, Jianrui Miao, Lingyun Meng and Pu Zhang.

Beijing Jiaotong University

With the high-speed lines formed into a network and the increase of train speed, train
dispatching is faced with a more and more complex decision-making situation. In real
train operations, the sequences and the hand-over times of cross-line trains and cross-
bureau trains can affect the running of those trains on the connected lines, as well
as the intensity and efficiency of dispatching tasks. Keeping the planned sequence
or the planned hand-over times for cross-line and cross-bureau trains are practically
and particularly considered by train dispatchers in China. In this paper, two different
dispatching strategies are considered for cross-line and cross-bureau trains. Taking the
minimization of the total train delay as the objective, a train dispatching model is con-
structed, with partially restricted train sequences and hand-over times (for cross-line
and cross-bureau trains). To quickly obtain a solution with good quality, this paper pro-
poses an improved genetic algorithm to solve the model. We perform experiments to
comparatively examine the two proposed dispatching strategies, showing the benefits
and costs of keeping the train sequences and hand-over times. It is demonstrated that
the proposed improved genetic algorithm can obtain solutions much more quickly
than the standard commercial solver CPLEX, with a little sacrifice of solution quality.

Keywords
Train rescheduling, Dispatching strategy, Genetic algorithm, Decision-making support
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Probabilistic Modelling of Optimal Placement Strategies
of Hazardous Materials Railcars in Freight Trains

Chen-Yu Lin?, Xinhao Liu® and Christopher Barkan®.

9 National Yang Ming Chiao Tung University
b University of lllinois at Urbana-Champaign

Hazmat cars are subject to differing probabilities of being involved in a derailment
depending on their positioning in trains. This effect is particularly important in long-
freight-train characteristic of North American operation. For decades there has been
discussion about whether operating practices and regulations should account for this
to reduce the chance that hazmat cars will be involved if a train derails. This paper pre-
sents a position-dependent, railcar-based method to analyze derailment probability
of hazmat cars and identify optimal placement strategies that minimize the expected
number of hazmat cars derailed. The method considers derailment probabilities of
each hazmat car at each location in a train and investigates the optimal placement of
hazmat cars given train makeup, train derailment speed, and the percentage of haz-
mat cars. A case study based on realistic train configuration and operational conditions
is presented that demonstrates the method and a sensitivity analysis is presented that
explores the effect of key factors on the placement strategies. The research indicates
that there is no single placement strategy that minimizes the hazmat car derailment
probability under the variety of characteristics typical of North American freight train
operation. This result has implications for rail hazmat transportation safety, operations,
efficiency and regulatory policy. This research advances our understanding of the ef-
fect of hazmat car placement on operating safety and risk and enables development
of holistic quantitative models to address the trade-off between hazmat train operat-
ing safety and efficiency that accounts for both mainline derailment severity and yard
activities related to train make-up.

Keywords
Railway safety, Derailment, Hazardous materials, Dangerous goods, Train configuration,
Risk analysis
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Vehicle-to-Grid Concept for Hydrogen Fuel Cell
Hybrid-Electric Regional Trains

Marko Kapetanovic?, Alfredo NURez®, Niels van Oort® and Rob M.P. Goverde?,

9 Department of Transport and Planning, Delft University of Technology P.O. Box 5048, 2600 GA Delft,
The Netherlands

b Section of Railway Engineering, Delft University of Technology P.O. Box 5048, 2600 GA Delft, The
Netherlands

Hydrogen fuel cell multiple unit vehicles are acquiring a central role in the transition
process towards carbon neutral trains operation in non-electrified regional railway net-
works. In addition to their primary role as a transport mean, these vehicles offer signifi-
cant potential for applications in innovative concepts such as smart grids. Compared
to the pure electric propulsion systems, fuel cell technology allows for cogeneration
processes by recovering generated heat in addition to the provision of the electrical
power. This paper presents the analysis of fuel cell hybrid-electric multiple unit vehicle
employed in regional railway transport during regular service, and in vehicle-to-grid
application during the off-service hours, where it provides the electrical and thermal
energy for stationary consumers in terminal stations. The system dynamics are mod-
elled using a backward-looking quasi-static simulation approach, with implemented
real-time optimization-based control strategy for managing the power flows between
different components. In a case study of selected vehicle and railway services in the
Netherlands, the fuel cell system showed average hydrogen consumption of 0.4 kg/
km, with the overall electrical efficiency of 38.89%. In vehicle-to-grid scenario, the
system satisfied complete stationary power demand, and provided about 327 kWh of
thermal energy during two-hours operation, reaching overall cogeneration efficiency
of 66.81%.

Keywords
Regional railways, Hydrogen, Fuel cell hybrid-electric systems, Vehicle-to-grid
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Optimal Allocation of Waste Transfer Facilities for Infrastructure Manager

Nikola Ristic¢2, Pavle KecmanP and Predrag Jovanovic®.

9 EGIS Group, EGIS Belgrade Office
b NXP Semiconductors
¢ University of Belgrade, Faculty of Transport and Traffic Engineering

Railway systems all over the world follow the demographic and economic develop-
ment of certain areas based on the principle of “circular cumulative causality”, which
causes that the generated waste which should be treated in a proper way. The primary
goal of the paper is the definition of a mathematical model for the optimization of
transport flows in order to contribute to the planning and organizational activation
of the spatial potential along the railway corridor, with minimization of transport
costs and negative impacts on the environment. In the paper we developed the
mixed integer linear programming mathematical model, which usage would enable
cost reduction, more efficient resource management, recycling building capacity and
a closed cycle of material circulation. The proposed model proposes the location of
new collection points (hubs). As a final result, the proposal of a new applicable and
methodological approach to waste management research is given in the paper, which
could be used as a basis for further development with an aim secure more practical
usage of the defined model.

Keywords
Waste Management, Railway Infrastructure, Mixed-Integer Linear Programming,
Optimization
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Freight train scheduling for industrial lines
with multiple Railway Undertakings

Daniel Haalboom and Nikola Besinovi¢.
TU Dresden

With the liberalisation of the rail freight marked, the number of railway undertakings is
increasing. Their offered services converge in yards leading up to terminals. Here, lim-
ited capacity lead to bottlenecks, reducing resource utilization of railway undertakings.
Supplementary services by an independent local railway undertaking can improve
capacity utilization and decrease the time engines of mainline engines spend within
the considered network. In this paper, we propose a resource scheduling model for
freight trains in yards to minimize the time engines of a railway undertaking spend in
the yard. The model considers operations to be performed by the same resource and
takes particular functions of a process within the operation chain into account. The
results show that the potential savings per employed local engine are highly depend-
ent on the overlapping of inbound and outbound blocks within the network and on
the degree of local railway undertaking involvement.

Keywords
Freight Rail, Railway Undertakings, Industrial Railway, Production Schedule, Optimization
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Periodic train timetable expansion: An integrated model of multi-period
train service selection and rolling stock circulation
with time-varying passenger demand

Tiangi Li?, Lei Nie? and Rob Goverde®.

9 Beijing Jiaotong University
b Delft University of Technology

The periodic train timetable is one of the most widely used train timetables in passen-
ger railway systems worldwide. However, how to expand well-coordinated daily train
services from a single-period timetable pattern is rarely studied. This paper develops a
multi-objective mixed integer programming model to solve the periodic train timeta-
ble expansion problem, aiming to optimize passenger waiting time and rolling stock
operation costs. In our model, the time-varying passenger assignment, train service
selection, and rolling stock circulation planning are integrated. Moreover, the rolling
stock circulation is considered with a flexible composition mode for efficiency. An
g-constraint method is introduced to explore the Pareto frontier for the multi-objective
model and analyze the trade-offs between the service quality and operating cost.
The model and analyzing theorem are validated via the real-world case Guangzhou-
Shenzhen Intercity Railway transit system.

Keywords
Periodic train timetable, Rolling stock circulation, Flexible train composition, Time-varying
passenger demand, Integrated optimization
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Strategies for the Improvement of Rail Freight Transport Between
the Republic of Turkey and Republic of Serbia:
A Case Study Using AWOT Model

Vladan Nikolic
LogAgent LLC

The importance of strategic management is increasing as the business environment
becomes more and more unstable. Strategic planning in rail transport has also gained
importance as this industry, known for having changed relatively little since its incep-
tion, adopted principles of open market economy and implemented measures aimed
at deregulation and liberalization. Steadily growing freight volumes carried from
Turkey to the region of Western Balkans, as well as recently launched Eurasia routes
going through Turkey provide another business opportunity for the rail and logistics
companies, but present a great challenge too. In this paper, SWOT (Strengths, Weak-
nesses, Opportunities and Threats) analysis is used together with Analytic Hierarchy
Process (AHP) to prioritize factors included in SWOT matrix and to propose a number
of strategies for the improvement of rail freight transport between Turkey and Serbia.
A hybrid method, known as A'WOT, circumvents certain limitations of the SWOT analy-
sis as a basic tool, primarily those related to obtaining quantitative information on the
priorities of the evaluated factors.The results obtained are suitable for further research
and application.

Keywords
Rail freight transport, Strategic management, Analytic hierarchy process, SWOT analysis
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IAROR

The International Association of Railway Operations Research (IAROR) was founded
in 2005 and has currently more than 400 members. IAROR combines the expertise
of academic and professional railway research with the aim of enhancing the qual-
ity of service for railway passengers and customers, improving the effectiveness and
efficiency of capacity management, timetabling, traffic management and ensuring
the safety of railway operations. IAROR stimulates innovative theoretical approaches,
high-tech concepts, new technological developments and dynamic decision support
systems that contribute to a higher flexibility, performance and punctuality of trains
operating on single or dedicated lines and in heterogeneous networks. IAROR contrib-
utes to the development of new international standards for railway capacity and traffic
management by integration of the state-of-the-art from different scientific disciplines
as engineering, mathematics, physics, economics and computer science. IAROR is a
Network of Excellence in the field of railway operations research.

University of Belgrade - The Faculty of Transport and Traffic Engineering

University of Belgrade is one of the oldest and largest universities in South-East Eu-
rope. Founded in 1808, it consists of 31 faculties, 11 research institutes, 13 university
centers and the university library. It provides education in sciences and mathematics,
technology and engineering sciences, medical sciences, social sciences and humani-
ties, with about 380 study programs, 95.000 students and 5.000 academic and research
staff. During the two centuries of its existence, the University of Belgrade has served its
people, and its former students and teachers have greatly contributed to the develop-
ment of cultural, scientific, educational, political and economic life of Serbia.

The Faculty of Transport and Traffic Engineering represents the oldest educational and
research institution in the broad area of transportation in Serbia, founded in 1950. As
a part of University of Belgrade, the faculty provides accredited study programs at
undergraduate, master and doctoral academic levels in the field of technology and
engineering sciences covering areas of traffic, transport, logistics and telecommunica-
tions. Over the past seventy years, the Faculty has educated more than 10,000 gradu-
ates including about 200 doctors of technical sciences. Today, the Faculty has about
2000 students enrolled in nine undergraduate and eleven master majors, and one
comprehensive doctoral study program.
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STADLER

Stadler is a successful global provider of mobility solutions in rail vehicle construction,
service and signalling technology. A company with Swiss roots and strong ties to the
region, Stadler has built trains for more than 80 years. By providing innovative, durable
transport solutions, we are contributing to the sustainable mobility of the future.
Stadler employs around 13 500 people worldwide and offers a comprehensive range
of products in the railway and commuter rail segments: high-speed trains, EE trains,
regional and suburban trains, subway trains, tram trains and trams. In addition, the
company manufactures locomotives and passenger carriages. We are also the world’s
leading manufacturer of rack-and-pinion rail vehicles.

Stadler builds a number of trains with alternative drives: rechargeable batteries, hybrid,
hydrogen. As a result, Stadler’s model series such as FLIRT and WINK can be designed
as purely battery-operated vehicles or as hybrid vehicles. In combination with the
light-weight aluminium composite construction of the car bodies and Stadler’s auto-
mation solutions, these innovative drive concepts help to increase the environmental
performance of railway transport even further.

We also offer our customers a comprehensive range of services from repairs and
maintenance all the way to revision and refurbishment of rolling stock. Furthermore,
Stadler offers signalling solutions to ensure efficient, digital and sustainable rail op-
erations. The broad signalling portfolio includes solutions in the areas of automated
driving (ATO), train protection (ETCS, Class B), safe assisted up to driverless EESmE
driving (CBTC) as well as conventional and modern infrastructure technology 2%
including interlocking technology (relay and electronic interlockings). =5



154 10%" International Conference on Railway Operations Modelling and Analysis

Gold Sponsors

treno

TRENOIlab is an independent, employee-owned consulting and software development
company. Our mission is to provide high quality railway consulting services and to
continually improve our TRENO suite of railway timetable analysis software.

Our team consists of transport engineers and software developers. Some of us have
been working on railway timetable analysis and software development for over ten
years, others are just beginning their careers. But, we all share a deep passion for
our work because we believe railways are a highly sustainable and attractive form of
transport.

This passion drives us to develop innovative solutions for helping railways operate at
their very best. We're curious and unafraid of examining new approaches. We're happy
to develop customised software to solve specific problems. Our goal is to make the
world a little better by helping railways optimise their operations, investment planning
and customer service.

Our founders began developing railway software over ten years ago during their uni-
versity studies and since then have continuously improved the software, adding new
features, creating enhanced user interfaces and improving functionality. What began
as a simple tool to solve specific problems has evolved into a fully integrated suite of
railway operational planning, analysis and simulation software.

The Treno suite of railway operational planning software consists of:
TRENOanalysis - for operational analysis of existing and proposed timetables;
TRENOplus - for timetable planning and design; and,

Trenissimo — state-of-the-art railway microsimulation.

From Norway to Australia, and from Canada to Serbia our tools and experi- [®]¥;[=]
ence supports railways in several Countries: meet us at our booth to discover |
more or to apply for a position with us! C1}* e
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OPENSTRACK

OpenTrack Railway Technology Ltd. develops and markets simulation tools for public
transport systems, and develops data exchange formats for railway applications.
OpenTrack Railway Technology is a spinoff-company from the ETH Zurich.

The company was founded in 2006. Locations are in Zurich (Switzerland) and Vienna
(Austria). In further countries local distributors are responsible for the distribution and
marketing of our simulation tool OpenTrack (Italy, Czech Republic, Australia, Brazil,
Malaysia, China).

OpenTrack is a railway simulation tool developed at the ETH Zurich. It is a
catalyst for practical economic solutions to complex railway technology
problems. OpenTrack Railway Technology also provides consulting services.

% MEDITERRANEAN SHIPPING COMPANY

MSC Mediterranean Shipping Company, headquartered in Geneva, Switzerland,
is a global leader in transportation and logistics, privately owned and founded
in 1970 by Gianluigi Aponte. As one of the world’s leading container shipping
lines, MSC has 675 offices across 155 countries worldwide with over 150,000
employees. With access to an integrated network of road, rail and sea transport
resources which stretches across the globe, the company prides itself on deliver-
ing global service with local knowledge. MSC’s shipping line sails on more than
260 trade routes, calling at over 520 ports.

Intermodal transportation is a core focus for MSC, and we continue to make significant
investments in this area. Our fast-growing road, rail and barge network offers custom-
ers all over the world a more flexible, efficient and sustainable way of moving cargo
inland.

We have the scale, experience, knowledge and equipment to provide for a fast and
reliable transit of your goods, while leveraging the latest technologies and  [®]%s5|[=]
focusing on sustainability. Using our landside transport services not only %
saves you time and money; it also reduces your business’s carbon footprint.  [E5I%
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IVU. Integrated IT Systems for Bus and Rail

IVU has been developing integrated IT systems for an efficient and environmentally
friendly public transport for over 45 years. Using IVU.suite as our basis, we develop
powerful IT products for bus and rail companies.

Our integrated, one-stop solution offers the right support for all fields of activity of bus
and rail companies: from timetable and resource planning, dispatching, fleet manage-
ment, operational control and passenger information through to the settlement of
transport contracts.

IVU.rail — IVU.suite for rail

Every day is filled with complex tasks for railway companies: creating timetables, plan-
ning optimal vehicle schedules, organising optimal duties, operating trains, managing
data and much more. These complex tasks require specialists with the right training
and the right tools.

IVU.rail comprises all products of the IVU.suite with special functions for rail transport.
The system maps a railway company’s operational processes in their entirety, offering
a suitable solution for every task. IVU.rail allows railway companies to establish an
entirely digital workflow and to integrate all operations from planners to train drivers.
Whether they use the end-to-end solution or stand-alone products, all data remains
in a single system, ensuring efficiency on the rails and in the control centre. We un-
derstand the complexity of the tasks that railway companies need to tackle, which is
why IVU.rail contains all the tools required for successful operations. It is a configurable
standard system, facilitating a quick and easy implementation. As the industry-leading
resource management system, IVU.rail supports railway companies around

the world to optimally deploy vehicles, ensure employees are at the right [=]%%|[=]
place at the right time, provide information to millions of passengers and

manage transport contracts. [=]27e
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SAOBRACAJNI INSTITUT CIP is a leading design and engineering company in Serbia
and Balkan region in the field of research, planning, designing, technology, technical
verification and supervision of works in the traffic and transport, civil engineering and
construction, architecture, geology, geodesy, geotechnical engineering, electrical en-
gineering and mechanical engineering sectors.

CIP has a wide range of company’s big licenses issued by relevant authorities of the
Republic of Serbia. In its business operations, CIP consistently applies an integrated
management system and has quality management certificates in accordance with ISO
standards.

Our high-level multidisciplinary teams are trained and equipped for implementation
of the most complex designs, with an imperative to find the most rational solutions for
our clients. We take care of individuals and their progress, promote and re- [E]&u[=]
spect experts of various profiles because we believe that an interdisciplinary :
approach brings great ideas, new energy and the best solutions. [=] #55A

&

PLANETSOFT

PLANET SOFT is a regional ICT group that operates on the territory of the Adriatic
region from its companies in Belgrade, Vienna, Banja Luka and Podgorica. The primary
focus of the company are solutions that improve, optimize, and automate business
processes, with the aim of raising the level of efficiency and effectiveness of our cli-
ents. A special focus is dedicated to traffic and transportation, and we employ traffic
engineers, electrical engineers, and software engineers. In the field of traffic, we deliver
solutions and services for traffic management, planning and simulations of timetables,
traffic infrastructure monitoring. The long-term experience of experts employed at
Planet Soft and partnerships with global software and hardware leaders are proof of
our commitment to our clients. Constant investment in the knowledge and  [=]%% =]
professional skills of employees, following trends and adopting new tech- '%
nologies in the business environment is the path we have chosen. [=] 2=
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Dragon Maritime SEE is the general representative of the largest Chinese shipping
company “COSCO Shipping Lines Co.” for the territory of Southeast Europe. We provide
to our clients services of maritime transport (container, general and bulk cargo), truck
transport of goods, rail transport of goods, air transport of goods, forwarding, storage,
customs clearance and other services in the transport of goods.

The company was founded in 2005 in Belgrade, and has offices in Rijeka, Croatia (2009),
Koper, Slovenia (2012) and Sarajevo, BiH (2018).

Since 2017, it has been offering its clients a unique intermodal service “Land-Sea Ex-
press” that connects the Far East and Serbia and is closely connected with the Chinese
“Belt and Road” Initiative. As part of the aforementioned service, clients have the option
of choosing between two different transport routes, the first which involves

a direct rail connection between the port of Piraeus and Belgrade, and [E & [E
the second, which connects Belgrade with the ports of Piraeus and Rijeka =552
through the PRS service (Piraeus Rijeka Express) and further rail connections.

N Nelt

The Way of Logistics

Nelt Group is one of the most successful Western Balkans business systems in the field
of logistics and distribution of FMCG, tobacco, pharmaceuticals and beauty products.
As an international groupation it employs 5,500 people in 12 European and African
markets.

Leader position and accomplishments achieved during 30 years in business are the
results of constant investment in the development of services, new technologies,
education and employees growth. By relying on the principles of responsible and sus-
tainable business, Nelt Group grew by entering new markets and expanding

the portfolio of products it distributes and services it provides in logistics. [u]
Also, the focus is on education projects in local community, which is why
Nelt Group is recognized as its important member.

0]
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Egis is an international player active in the consulting, construction engineering and
mobility service sectors. We design and operate intelligent infrastructure and buildings
capable of responding to the climate emergency and helping to achieve more bal-
anced, sustainable and resilient territorial development.

With operations in 120 countries, Egis places the expertise of its 16,200 employees at
the disposal of its clients and develops cutting-edge innovation accessible to all pro-
jects. Through its wide-ranging fields of activity, Egis is a central player in the collective
organization of society and the living environment of citizens all over the world.

Egis d.o.0. Beograd was established in 2012 in Serbia to provide local expertise in
transport, water, sewerage, environment and urban development engineering sectors.
Located in Serbia, company is involved in numerous projects in the Western
Balkans region: Serbia, Bosnia and Herzegovina, Croatia, Montenegro and El
Macedonia, providing services in various sectors, such as roads and motor- 8L
ways, railways, aviation and water. E

LOG

V,

S
TRANSPORT & LOGISTICS

LogAgent is a dynamic logistics company aimed at providing comprehensive,
sustainable and knowledge-based transport and logistics services tailored for a variety
of customers, from startups to Fortune Global 500 corporations. For almost a decade,
we have been offering rail, road, air and sea transport, warehousing, distribution and
customs services, as well as complete logistics solutions for supply chain management.
Through our consulting services, we strive to bring the latest industry expertise closer
to our customers. Together with our partners worldwide, our team of experienced
professionals and promising young graduates works 24/7 to provide fast

and reliable services which add value and fuel our customers’ success. We  [®]4Ei[=]
build a reputation based on commitment, professionalism and integrity. %
This is LogAgent way! Tl
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Sponsors

THALES

Building a future we can all trust

Countries, cities and transport operators rely on Thales’ ground transportation solu-
tions to adapt to rapid urbanisation and meet new mobility demands - locally, be-
tween cities and across national frontiers.

Our expertise in signalling, communications, fare collection and cybersecurity gives
people and goods the connected journey they need to move safely and
efficiently.

With more than 9.000 employees working in the Thales Ground Transporta-
tion teams, we are serving over 250 customers in more than 60 countries.

Donors

< 7| Database

@ Technology

l PTC - Public Transport Consult d.o.o.
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Ministry of Science, Technological Development and Innovation

Republic of Serbia
Ministry of Construction, Transport and Infrastructure
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Infrastruktura zeleznice Srbije a.d.
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About Belgrade

Belgrade, the capital of the Republic of Serbia, is located in South-East Europe, at the
beautiful confluence of the Sava and the Danube rivers. After Istanbul and Athens, Bel-
grade is the third largest city in South-eastern Europe. Belgrade has around 1.6 million
residents and presents the financial and economy center of Serbia. In the field of traf-
fic and transport, it is a city of great importance for South-East Europe, as a road and
railway center, as a port for river and air traffic, and as a telecommunication center.

Belgrade’s history lasts full 7,000 years. Many cultures and tribes left their mark in its
long and turbulent history: Thraco-Dacians, Celts, Romans, Byzantines, Slavs, Ottomans,
Austro-Hungarians, have all shaped Belgrade one of the most diverse and interesting
cities of South-East Europe. The official language is Serbian, while visitors from abroad
can use English to communicate.

Belgrade is the capital of Serbian culture, education and science with many institutions
of national importance in the field of science and art. There is the Serbian Academy

Source: Aleksafidar Mati¢ (TOB)
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of Sciences and Arts, established in 1886 as the Serbian Royal Academy; the National
Library of Serbia, established in 1832; the National Museum, established in 1841 and
the National Theatre, established in 1869. The city is also the seat of the Belgrade
University, founded in 1808 as the Great School, and the seat of the University of Art.
Throughout the year Belgrade offers numerous concerts, festivals and cultural events.
Some of the best-known festivals and events are: International Film Festival — FEST, Bel-
grade Summer Festival - BELEF, Belgrade Music Festivities — BEMUS and Belgrade
International Theatre Festival — BITEF.

The city is home to Serbia’s two biggest and most successful sport clubs, Red Star
Belgrade and Partizan Belgrade. Red Star won the UEFA Champions League (European
Cup) in football (1991), and Partizan won the EuroLeague in basketball (1992). Besides
that, Belgrade has been host to many important sport events in its history. Some of
them include: European Football Cup Final (1973), European Football Championship
(1976), EuroBasket (2005), Summer Universiade (2009), European Athletics Indoor
Championships (2017), EuroLeague Final Four (2018). In 2022, Belgrade is host to Euro-
League Final Four in basketball and World Athletics Indoor Championships.

Belgrade has a sister city or twin city agreement established with Coventry (UK), Chica-
go (USA), Ljubljana (Slovenia), Skopje (North Macedonia), Shanghai (China) and Banja
Luka (Bosnia and Herzegovina), as well as an extensive list of cultural relationships with
other cities around the world.



About Us

SAOBRACAJNI INSTITUT CIP d.o.0 is a lead-
ing design and engineering company in Serbia
and Balkan region in the field of research, plan-
ning, designing, technology, technical verifica-
tion and supervision of works in the traffic and
transport, civil engineering and construction,
architecture, geology, geodesy, geotechnical
engineering, electrical engineering and me-
chanical engineering sectors.

CIP has a wide range of company’s big licenses
issued by relevant authorities of the Republic
of Serbia. In its business operations, CIP con-
sistently applies an integrated management
system and has quality management certifi-
cates in accordance with ISO standards.

Our high-level multidisciplinary teams are
trained and equipped for implementation of
the most complex designs, with an impera-
tive to find the most rational solutions for our
clients. We take care of individuals and their
progress, promote and respect experts of var-
ious profiles because we believe that an inter-
disciplinary approach brings great ideas, new
energy and the best solutions

Contact

Saobracajni institut CIP d.o.o.
Nemanjina 6/1V, 11000 Belgrade
Republic of Serbia

Phone: +381-11/361-82-87, 361-69-29

E-mail: office@sicip.co.rs
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TICKET TO YOUR
FUTURE CAREER

We develop, build and maintain trains that
travel all over the world. Our motivation:
to improve people‘s mobility. Be there when
the latest technologies make train travel
safer, greener and more comfortable.

Step by step, we will advance your career.

www.stadlerrail.com/en/careers

STADLER
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