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Abstract

Railway systems are particularly vulnerable to the occurrence of unexpected events and
disruptions due to their size and the complex arrangement of their different components and
operations (i.e. stations, tracks, switches, vehicles, personnel, passenger traffic, signals, operation
control, schedules etc.). As disruptions for any critical infrastructure are inevitable, decision-
makersneedto establishstrategies aimed at guaranteeirg the operational continuity of the systems
and upholding basic service walities during these events. In many railway networks, planned
disruption-management approaches have been established for a structured reaction to the
disruption. Planned disruption-management approaches foresee the development and
implementation of disruption programs (DRPS).

DRPs can be explained as sets of prdefined dispatching measures for trains, rerouting measures
for disrupted passengers and communication protocols for staffmembers, which aredeveloped to
addressspecific disruption scenarios within a railway network. In consequence, every DRP contains
a set of line-specific measures (i.e. valid for a whole line), which is mainly constituted by two
different concepts, namely, an operating concept and a transport concept.The operating concept
contains a series of linespecific measures that allow the operating program of a line to adjust to
the degraded infrastructure availability induced by the disruption. The transport concept contains
a series of passenger rerouting measures that address the affected serviceability of the system.

DRPs are implemented across different phases. Among these phases, the transition phase to stable
operations is arguably the most critical. The transition phase lasts from the declaration of the
chosen DRP and until the system has reached stable operations during the disruptionStability is
only achieved when all trains run reliably on their DRP envisioned (shortened) routes with
(reduced) frequencies, without accumulating delay. To date, dispatchers execute the
implementation of DRPs manually. Therefore, the successfuldeployment of a DRPon a disrupted
network is still critically influenced by the experience and skill of highly strained dispatcher s.

DRP development itself is also a strenuous process, which requires the involvement of different
stakeholders (e.g. experienced dispatchers, public transport operators and others). While some
work has been aimed at transitioning from a manual development of DRPs to a development
assisted by a decisiorsupport system, there are still gaps to be filled. The evaluation of intermodal
passenger rerouting measures within transport concepts requires particular attention.

The work presented throughout this document has two specific objectives. The first objective is to
develop a model that allows decision-makersto develop passenger intermodal rerouting strategies
for DRP transport concepts, which consider theresidual capacity of local public transport systems.
The second objective is the development ofa system capable of supporting the dynamic

deployment of DRP operating concepts on an actual operating situation of the network. Each of
the objectives focuses on the different concepts within DRPs, yet they are unrelated to one another.

Therefore, this work is divided into two different Sections

The first Sectiondescribes the development of a model for estimating the residual capacity of the
public transport means utilized for the intermodal rerouting of passeng ers, as foreseen in the DRP
transport concept under investigation. The assessed passenger rerouting strategies provide a
foundation for a subsequent and much more indepth discussions with local public transport
operators. To support an estimation of the residual capacity, an assessment framework is derived
and validated utilizing actual operational information from three public transport modes namely,
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buses, light rail and subway. The model incorporates the assessment framework and is structured
using rule-based algorithms supported by graph theory. The model has the capability to
incorporate different rerouting strategies from DRP transport concepts. Furthermore, the model is
designed for general validity and be applicable regardless of the implementationenvironment (i.e.
means of public transport and layout of the public transport and disrupted railway networks).

The secondSectionconstitutes the main contribution of this work. It introduces a system for the
dynamic deployment of the line-specific DRP @erating concept to the actual operating situation
of a disrupted commuter railway network. The actual disrupted situation considers the time of
day, the actual position of the trains in the network, and the affected infrastructural elements. As
a result, the system delivers a train number and minute-specific (i.e. with an accuracy of seconds)
conflict-free schedule that ensures the network is able to reach stable operations. The dynamic
DRP deployment system is conceived in a modular structure so that itsmodules can be easily
updated or replaced and eventually, new modules can be added. Each one of the modules that
constitute the system is derived and discussed in detail throughout this work.

In line with the problem, the dynamic DRP deployment systenforesees the adjustment of both the
schedule and circulation plans of the disrupted commuter railway network. The system is
structured through heuristic (i.e. heuristic conflict identification - or CD - and conflict resolution -
or CR - approaches) and metahauristic methods (i.e. Genetic and Tabu Search algorithms) to

addressthe mostly NP-hard problems. Additionally, the system divides the overall problem into

two different operational levels: line -specific and vehiclespecific.

At the line-specific level, the approach identifies and classifies linespecific conflicts (including
vehicle availably and reachability conflicts) and establishes potential conflict solution alternatives
with support of the DRP operating concept as well as a predefined set of eight ypes elemental
conflict solutions. The potential solution alternatives are implemented on individual trains in order
to solve the line-specific conflicts and establish a set of conflict resolution alternatives at the line-
specific operational level.

The dternatives that have been generated at the linespecific operational level are combined
through metaheuristic algorithms. Each combination is later handled at the vehicle-specific
operational level. A heuristic vehicle-specific CDCR approach identifies ad resolves any induced
conflict to obtain a conflict -free schedule from every combination. At this level, the CDCR process
handles four different types of conflicts. These include occupancy, infrastructure availability,
circulation and service conflicts. For every identified conflict, the CDCR process develops potential
conflict resolution alternatives utilizing six types of elemental conflict solution alternatives. The
conflict resolution alternatives are evaluated by contemplating aspects such as theexpected
relative-time change, the induced change on the projected operating situation, changes on the
platform tracks and train service or train stop cancellations. Once assessed, only one conflict
resolution alternative is selected and implemented.

Furthermore, once the combinations are conflictfree, they are evaluated according to already
assessed information from every conflict resolution utilized to derive the conflict-free combination.
This is complemented by an evaluation of the induced endof-day imbalances (i.e. vehicles that
terminate their duties at locations in the network that are not compatible with the scheduled
operations on the next day) and changes in the turning stations of the trains. Finally, having
ascertained the fitness of every conflid-free combination, the system is able to select and display
the best alternative.
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Ultimately, the contribution advanced in the second Sectionof this work lays the foundation for a
semi-automated deployment of the DRP operating concepts in the actual opeating situation of the
network. The dynamic DRP deployment system is strictly designed to uphold the prompt transition
of the network toward stable operations. While the system is designed for commuter railway
networks, it can be employed regardless of their local implementation environment.
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Kurzfassung

Eiserbahnsysteme sind aufgrund ihrer Komplexitat (Personal, Personenverkehr, Signale,
Betriebssteuerung, Fahrplane usw.) ihrer z.T. hohen Auslastung und begrenzter Redundanzen
besonders anféllig fur das Auftreten unerwarteter Ereignisse und Storungen. Da Storungen fur

kritische Infrastrukturen unvermeidlich sind, miissen Entscheidungstréager Strategien festlegen, die
darauf abzielen, die Betriebskontinuitat der Systeme zu gewahrleisten und die grundlegenden
Servicequalitaten wahrend dieser Vorkommnisseso weit wie moglich aufrechtzuerhalten. Fur

verschiedene Arten von Eisenbahmetzen wurden im Rahmen des praventiven

Storfallmanagements Verfahren fur eine strukturierte Reaktion auf Stérungen festgelegt. Diese
sehen die Entwicklung und Implementierung von Storfallprogrammen (SFP) vor.

SFP beinhalten vordefinierte Dispositionsmal3nahmen fur Zige, Lenkungsmal3nahmen fur
Fahrgéaste und Kommunikationsprotokolle fur Mitarbeiter und wurden entwickelt, um bestimmte
Storungsszenarien innerhalb eines Eisenbahnsystemsiit geringen Aufwand zligig zu managen.
Dazuenthdltjedes SFP eine Reihe von linienspezifischen Mal3nahmen (gultig fir eine ganze Linie),
die hauptsachlich aus zwei unterschiedlichen Konzepten bestehen: einem Beebskonzept und
einem Verkehrskonzept. Das Betriebskonzept enthélt eine Reihe von Mainahmen, mit denen das
Betriebsprogramm einer Linie an die durch die Stérung verursachte eingeschrénkte Verfugbarkeit
der Infrastruktur angepasst wird. Das Verkehrskonzept enthalt eine Reihe von MalRhahmen zur
Lenkung der Passagiere und damit zur Aufrechterhaltung der Mobilitat innerhalb des Systems.

SFP werden in verschiedenen Phasen umgesetzt. Unter diesen Phasen ist die Einschwingphase und
damit der Ubergang in einen stakilen Betrieb die kritischste Phase. Die Einschwingphase dauert
von dem Ausrufen des gewahlten SFPs bis zurBeginn desstabilen Betriebs des Systems wahrend
der Storung. Ein stabiler Betrieb ist Uberdurchschnittlichen nur erreicht, wenn alle Zige
zuverlassg auf ihren im SFP geplanten (verkirzten) Strecken mit (reduzierten) Takten fahren,
ohne dass es zu Verspatungen kommt. Bisher flihren Disponenten die Umsetzung von SFP manuell
aus. Daher wird die erfolgreiche Umsetzung eines SFP in einem gestérten Netz imer noch
entscheidend von der Erfahrung und den Fahigkeiten der in dieser Situation stark belasteten
Disponenten beeinflusst.

Die SFREntwicklung selbst ist ebenfalls ein komplexer Prozess, bei dem verschiedene
Interessengruppen (z. B. erfahrene Disponentef @crpcg - cp Addclrjgafcp
einbezogen werden missen. Wahrend einige Ansatze darauf abzielten, von einer manuellen
Entwicklung von SFPs zu einer Entwicklung mit Hilfe eines Entscheidungsunterstiitzungssystem
Uberzugehen, sind noch Licken indieser Entwicklung zu schliel3en. Besonderes Augenmerk muss

auf die Bewertung von Malnahmen zur intermodalen Reisendenlenkung im Rahmen de
Verkehrskonzepte gelegt werden

Die in dieser Arbeit vorgestellten Modelle verfolgen zwei spezifische Ziele. Das erte Ziel besteht
darin, ein Modell zu entwickeln, mit dem Entscheidungstrdgern Mafl3nahmen fir die intermodale

Lenkung von Fahrgéasten flir SFPVerkehrskonzepte entwickeln kénnen, die die Restkapazitat
lokaler 6ffentlicher Verkehrssysteme berlicksichtigen. Das zweite Ziel ist die Entwicklung eines
Modells, das die dynamische Bereitstellung vonzugspezifischenSFRBetriebskonzepten in einer
tatséchlichen Betriebssituation des Netes teilautomatisieren kann. Jedes der Ziele konzentriert
sich auf die verschiedenenKonzepte (Betriebs- und Verkehrskonzepte) innerhalb der SFP, sie sind
jedoch nicht miteinander verbunden. Daher ist diese Arbeit in zwei verschiedene Hauptteile
(Section$ unterteilt.
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Im ersten Hauptteil wird ein Modell zur Abschéatzung der Restkapazitat de Offentlichen
Verkehrsmittel, die sich fur die intermodale Lenkung von Fahrgésten eignen kdnnten, entwickelt.
Das Modell ermdglicht die Prufung von Entwurfen intermodaler SFP-Verkehrskonzepte anhand
ihrer Auswirkungen auf die Auslastung von Bus, Stadtbahnund U-Bahn als Grundlage fur die
anschlieende Diskussion mit den Betreibern der alternativen Verkehrsmittel und dem
Aufgabentrager.

In einem ersten Schritt werden die fur die Umleitung der Reisenden verfligbaren Restkapazitaten
fur Reisende abgeschatzt. A wesentliche EinflussgroRen wurden die GefaRgréRen, der Fahrplan
sowie die abgeschatzte Auslastung, die von Tageszeit, Entfernung vom Stadtzentrum und
Verkehrsmittel abhangt, anhand von Daten mehrerer deutscher Stadte unterschiedlicher Grofl3e
identifizier t. Die Auslastung konnte datengetrieben in Abhangigkeit der genannten Einflussgréf3en
ohne Einschrankung der Allgemeingultigkeit geschatzt werden.

In einem zweiten Schritt wurde ein Algorithmus zum kapazitatsabhangigen Routing entwickelt

und auf einen Storfall beispielhaft angewendet. Mit diesem Algorithmus lassen sich
kalibrierungsfrei Entwurfe fur Umleitungskonzepte fir die Reisenden automatisiert unter

Berlcksichtigung der verfligbaren Restkapazitaten als Grundlage fir die anschlieRende
Abstimmung mit den Betreibern der alternativen Verkehrsmittel und dem Aufgabentrager
bewerten.

Der zweite Hauptteil bildet den Kern dieser Arbeit. Gegenstand ist die Entwicklung einesSystens
zur storungss und fahrzeugspezifischen Konkretisierung des linienspezifischen SFP
Betriebskonzepts unter Beachtung der tatsachlichen Betriebssituation eines gestorten S
Bahnnetzes. DasModell beriicksichtigt die Tageszeit, die tatsachliche Position der Zige im Netz
und die von der Stérung betroffenen Infrastrukturelemente. Ergebnis des somit dynamischen

Systems ist ein zugnummen- und minutenscharfer (sekundengenauer) konfliktfreier Fahrplan,

der einen Ubergang von der aktuellen Betriebssituation in einen stabilen Betrieb sicherstellt.Dazu
werden Losungen fur die (integrierte) Losung sowohl von Verflugbarkeits- und

Belegungskonflikten als auch von Anschluss und Umlaufkonflikte unter besonderer

Bertcksichtigung der typischerweise auftretenden Staueffekte vor dem SFRVendebahnhof
entwickelt.

Das dynamische SFRJmsetzungssystem ist modular atfgebaut, sodass seine Module leicht
aktualisiert oder ersetzt und neue Module hinzugefligt werden kdénnen. Jedes der Module des
Systernrs wird in dieser Arbeit algorithmisch untersetzt. Soweit sich keine existierenden Anséatze
eignen, werden die erforderlichen Algorithmen neu entwickelt, wobei die Art der verwendeten
Algorithmen problemabhéngig gewéhlt wird .

Problemkonform sieht das dynamische System die Anpassung sowohl des Fahrplans als auch der
Umlaufsplane des betroffenen SBahnnetzes vor. Das Systemumfass fir die meist NP-harten
Probleme sowohl heuristische Konflikterkennungs- und Konfliktibsungsansatze und
metaheuristische Methoden (genetische und TabuSuch Algorithmen).

Im  Falle heuristischer Ansatze werden je  Konflikt grundsatzlich  mehrere
Konfliktldsu ngsalternativen generiert. Die Grundlage bilden jeweils ca. sechs bis acht
problemabhangig entwickelte elementare Konfliktlbsungen. Zur Auswahl der geeignetsten
Konfliktldsung werden die potentiellen Alternativen vergleichend unter Berlicksichtigung weitere r
Konflikte bewertet. Die Bewertung umfasst Kenngrol3en wie die erwartete relative zeitliche
Anderung, die induzierte Anderung der weiteren Betriebssituation, Gleiswechselund Haltausfalle.
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Die Konfliktlbsung erfolgt differenziert nach linienspezifischen und darauf aufbauend
fahrzeugspezifischen Konflikten.

Die linienspezifischen Konflikte, die Fahrzeugverfiigbarkeits und Erreichbarkeitskonflikte
umfassen, werden zunachstidentifiziert und klassifiziert . Die auf linienspezifischer Betriebsebene
generierten Alternativen werden durch metaheuri stische Algorithmen kombiniert.

Jede Kombination wird darauf aufbauend auf die fahrzeugspezifische Betriebsebene Ubertragen.
Ein heuristischer fahrzeugspezifischer KE/KL Algorithmus identifiziert (KE) und I6st (KL) jeden
induzierten Konflikt, um fir jede Kombination einen konfliktfreien Fahrplan zu erhalten. Auf
dieser Ebene behandelt der KE/KL Algorithmus vier verschiedene Arten von Konflikten.

Anschliel3end werden die einzelnen Konfliktlosungsalternativen zu konfliktfreie n Kombinationen
zusammengestellt und anhand der Informationen aus jeder einzelnen Konfliktibsung bewertet.
Dies wird erganzt durch eine Bewertung der Fahrzeugpositionenam Tagesende (Fahrzeuge, die
ihren Dienst an einem Ort im Netz beenden, der nicht mit dem geplanten Ort fur die Abstellung,
Wartung oder Instandhaltung entspricht) und Anderungen an den geplanten Wendebahnhéfen
der Zuge. Nachdem das System dietechnische und betriebliche Eignung jeder konfliktfreien
Kombination festgestellt hat, kann es die beste Alternative auswahlen.

Zusammenfassend bildet das im zweitenHauptteil dieser Arbeit erarbeitete System die Grundlage
fur die halbautomatische stérungs- und fahrzeugspezifische Konkretisierung von SFR
Betriebskonzepten unter Beachtung der tatsachliclen Betriebssituation des gestdrten Netzes. Das
fur S-Bahnen erarbeitete dynamische System ist darauf ausgelegtunmittelbar eine Losung fur den
Ubergang des Betriebs in einen stabilen Zustand zwentwickeln.
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Resumen

Los sistemas ferroviarios son particulamente vulnerables a la ocurrencia de eventos inesperados
y disrupciones debido a su dimensién y compleja disposicion de sus componentes y operaciones
(es decir: estaciones, vias, interruptores, vehiculos, personal, trafico de pasajeros, sefiales, control
de operaciones, horarios, etc.). Como la ocurrencia de disrupciones en cualquier infraestructura
critica es inevitable, los responsables de la toma de decisiones deben establecer estrategias
destinadas a garantizar la continuidad operativa de los sistemas ymantener las cualidades del
servicio basico durante estos eventos. En muchas redes ferroviarias, se han establecido enfoques
planificados de gestion de interrupciones para una reaccion estructurada a las disrupciones. Los
enfoques planificados de gestionde disrupciones prevén el desarrollo y la implementacion de
programas de disrupcién (DRP- por sus siglas en inglés).

Los DRP pueden explicarse como conjuntos de medidas de despacho predefinidos para trenes,
medidas de re direccionamiento para pasajeros yprotocolos de comunicacion, para miembros del
personal, que se desarrollan en el abordaje de escenarios de disrupcién especificos dentro de una
red ferroviaria. En consecuencia, cada DRP contiene un conjunto de medidas especificas de linea
(es decir, valido para una linea completa), que estan constituidas principalmente por dos conceptos
diferentes: un concepto operativo y un concepto de transporte. El concepto operativo contiene una
serie de medidas especificas de linea que permiten que el programa operatd de una linea se
ajuste a la disponibilidad de infraestructura degradada inducida por la disrupcion. El concepto de
transporte contiene una serie de medidas de re direccionamiento de pasajeros que lidian con la
capacidad de servicio afectada del sistema.

Los DRP se implementan en diferentes fase€ntre estas fases, la fase de transicion a operaciones
estables es posiblemente la mas critica. La fase de transicidon dura desde la declaracién del DRP
hasta que el sistema ha alcanzado operaciones estables dumte la interrupcion. La estabilidad solo

se logra cuando todos los trenes se mueven por el sistema de manera confiable en sus rutas
visualizadas en el DRP (acortadas) con frecuencias reducidas, sin acumular mas demora. Hasta la
fecha, los despachadores ejeutan la implementacion de DRP manualmente. Por lo tanto, el
despliegue exitoso de un DRP en una red afectada por efectos disrruptivos, aln esta criticamente
influenciado por la experiencia y habilidad de los despachadores.

El desarrollo de los DRP en si mismos también es un proceso extenuante, que requiere la
participacién de diferentes actores (por ejemplo, despachadores, operadores de transporte publico
y otros). Si bien parte del trabajo ha tenido como obijetivo la transicion de un desarrollo manual
de DRP a un desarrollo asistido por un sistema de apoyo durante la toma de decisiones, todavia
guedan vacios por cubrir. La evaluacién de las medidas de desvio de pasajeros intermodales dentro
de los conceptos de transporte requiere una atencion partular.

El trabajo presentado en este documento, tiene dos objetivos especificos. El desarrollo de un
modelo que permita a los tomadores de decisiones desplegar estrategias de re direccionamiento
intermodal de pasajeros para los conceptos de transporte DRPgue consideren la capacidad
residual de los sistemas locales de transporte publico y el desarrollo de un sistema capaz de
soportar el despliegue dinAmico de conceptos operativos DRP en una situacion operativareal. Cada
uno de los objetivos se centra enos diferentes conceptos al interior de los DRP; por tanto, no estan
relacionados entre si. En este sentido, el presente trabajo se divide en dos secciones diferentes:
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La primera seccion describe el desarrollo de un modelo para estimar la capacidad residuale los
medios de transporte publico utilizados para el re direccionamiento intermodal de pasajeros
durante una disrupcion, como se prevé en el concepto de transporte DRP bajo investigacion. Las
estrategias de re direccionamiento de pasajeros evaluadas pporcionan una base para discusiones
posteriores y mucho mas detalladas con los operadores locales de transporte publico. Para
respaldar una estimacion de la capacidad residual, se deriva y valida un marco de evaluacion
utilizando informacién operativa real de tres modos de transporte publico: autobuses, tren ligero
y metro. EI modelo incorpora el marco de evaluacién y esta estructurado utilizando algoritmos
basados en reglas respaldadas por teoria gréfica. El modelo tiene la capacidad de incorporar
diferentes estrategias de re direccionamiento de los conceptos de transporte DRP y esta disefiado
para asegurar una validez general que pueda aplicarse independientemente del entorno de
implementacion (es decir, medios de transporte publico y disefio del transportepublico y redes
ferroviarias interrumpidas).

La segunda seccion constituye la principal contribucion de este trabajo. Introduce un sistema para
el despliegue dinamico del concepto operativo DRP a la situacion operativa real de una red
ferroviaria afectada por una disrupcién. La situacion operativa real considera la hora del dia, la
posicion actual de los trenes en la red y los elementos de infraestructura afectados. Como
resultado, el sistema entrega un horario sin conflictos, especificando el nimero de tra con una
precisién de segundos y garantizando que la red pueda alcanzar operaciones estables. El sistema
de despliegue dinamico de DRP esta concebido como una estructura modular para que sus médulos
puedan actualizarse o reemplazarse facilmente y, eventubnente, se puedan agregar nuevos
modulos. Cada uno de los médulos, que constituyen el sistema, se derivan, analizan y describen
en detalle a lo largo de este trabajo.

Para cumplir su objetivo, el sistema de despliegue dinamico de DRP prevé el ajuste, tantdel
horario como de los planes de circulacion, de la red ferroviaria en disrupcion. El sistema esta
estructurado a través de métodos heuristicos (es decir, identificacion heuristica de conflictos o IC
- y resolucion de conflictos - 0 RC-) y métodos metaheuristicos (es decir, algoritmos de busqueda
tabu y genéticos) para hacerfrente a los problemas mayormente NPHard, y divide el problema en
dos niveles operativos diferentes:nivel especifico de linea ynivel especifico del vehiculo.

En el nivel especifco de linea, el enfoque identifica y clasifica conflictos especificos de linea
(incluidos los conflictos de disponibilidad de vehiculos y conflictos de alcance) y establece posibles
alternativas de solucién de conflictos con el apoyo del concepto operatio DRP, asi como un

conjunto predefinido de ocho tipos de soluciones elementales. Las posibles alternativas de solucién
se implementan en trenes individuales para resolver los conflictos especificos de la linea y
establecer un conjunto de alternativas de resolucién de conflictos a nivel operativo especifico de

la linea.

Las alternativas que se han generado en el nivel operativo especifico de la linea se combinan
mediante algoritmos metaheuristicos. Cada combinacidn se maneja mas tarde en el nivel operativo
especifico del vehiculo. Un enfoque de ICRC heuristico especifico a nivel vehicular identifica y
resuelve cualquier conflicto inducido para obtener un horario libre de conflictos de cada
combinacion. En este nivel, el proceso ICRC maneja cuatro tipos difenstes de conflictos. Estos
incluyen ocupacion, disponibilidad de infraestructura, circulacién y conflictos de servicio. Para
cada conflicto identificado, el proceso ICRC desarrolla posibles alternativas de resolucién de
conflictos utilizando seis tipos de dternativas de solucion de conflictos elementales. Las
alternativas de resolucion de conflictos se evalian contemplando aspectos como el cambio de
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tiempo relativo esperado, el cambio inducido en la situacion operativa proyectada, los cambios en
las vias o las cancelaciones de paradas de trenes. Una vez evaluado, solo se selecciona e
implementa una alternativa de resolucién de conflictos.

Ademés, una vez que las combinaciones estan libres de conflictos, se evaluan de acuerdo con la
informacion ya valorada de cada resolucion de conflicto utilizada para derivar la combinacion libre

de conflictos. Esto se complementa con una evaluacion de los desequilibrios inducidos al final del
dia (es decir, vehiculos que terminan sus funciones en ubicaciones de la red que reon compatibles
con las operaciones programadas para el dia siguiente) y cambios en las estaciones de giro de los
trenes. Finalmente, habiendo comprobado la idoneidad de cada combinacién libre de conflictos,
el sistema puede seleccionar y mostrar la mejomlternativa.

En dltima instancia, la contribucién avanzada en la segunda seccion de este trabajo sienta las bases
para un despliegue semiautomatico de los conceptos operativos DRP en la situacién operativa real
de la red. El sistema dindmico de implementaion de DRP estd estrictamente disefiado para
mantener la rapida transicion de la red hacia operaciones estables. Si bien el sistema esta disefiado
para redes ferroviarias de cercanias, puede emplearse independientemente de su entorno de
implementacion local.
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1. Introduction

1.1. Ciritical Infrastructures

The habitability of dense urban centers canonly be sustained by securing steady access to basi
services. From drinking water to sewage collection, access toroads, railways or communication
networks - all make life within cities possible (Godschalk2003).

Gldp_qgrpsarspcq _Ycglaml ggbpecobf ¢clapgfgapmjcqg rfc
transport, etc.) are vital to maintaining basic societal functions, security, and the overall wellbeing

md rfc nmnsj _rgml r f c,vBacly et @lt 2018)c Th& Mc¥ahemsepof ariticdd . . 5
infrastructures is such that if any of their functions ceases tobe performed asintended, the local

population is forced to deal with extremely precarious circumstances Consequently, it is crucial

to uphold and safeguard the constant operational integrity of critical infrastructural systems,
particularly in the face of any external or internal hazards.

Critical infrastructures are characterized among the most complexsystems and therefore are often
susceptible to the occurrence and manifestation of abroad range of hazards (Johansson and Hassel
2010). Their complexity derives from the fact that they cover vast geographical areas, cluster a
broad range of distinctive components, rely upon complicated operational processesand are

deeply interlaced with socio-economical functions (Chelleri et al. 2015).

The complexity of critical infrastructures also makes them particularly susceptible to a broader

range ofrisks;sj rgk _rcjw fglbcpgle rfcgp a_n_iscommenlyd mp
understood that risk mitigation is an adept way to cope with the unexpected manifestation of such

events However, safeguarding critical infrastructures and their service reliability has been
described asa dynamic process that transcends thenotion of vulnerabil ity reduction, demanding

stronger or more robust infrastructures (Godschalk 2003) achievable through the development of
preparedness and prevention(P&P) strategies(Crespo et al. 2018).

1.2. The relevance of Preparedness & Prevention Strategies for Critical Infrastructures

Gl rpmbsacb _q 8Bgqgqrpg srcb Npcn_pcblcqgp rfpmsef
context of critical infrastructure s (Collier and Lakoff 2008), r f ¢ rcpk §npcn_pch
npct cl hag lad the groundwork for current emergency or disaster risk, management
frameworks (i.e. preparedness, prevention, respamse and recovery) (King 2007). Furthermore,
preparedness and prevention hae beenessentially considered as one conjoined conceptwhich is
frequently packagedwithin discs gggml g ml rfc rcpk)>8kgrge_ _rgmlpuy &

P&P strategieshave been understood tolie _ r rfc apsv md _ I w qgwqgr ck %o
manifestation of atypical and ominous events as they inherently recognize the inescapable
possibility of an impairin g incident (Collier and Lakoff 2008). In this regard, P&P strategies prompt

a set of policies, plans or strategies intendedto handle and diminish the overall reach as well as

the occurrence probability of a disaster (Haimes et al 2008). A further interpr etation of P&P

strategies expands their focus to embody an enhanced management tool of emergencies and a
proficient path towards achieving some degree of operational continuity in casesof failure or

disruption (Hémond and Robert 2012). Core notions introd uced by P&P strategies,such as the
operational continuity of critical infrastructure are at the core of the broader resilience agenda

(Bach et d. 2013).
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In the context of this work, resilience is approached through the broad framework provided by
Bach € al. (2013), as it delivers insightful interpretations for the concept as a whole. Within the
infrastructural realm, the authors describe resilience not only as a characteristic that enables
systems to regain or maintain their original functions in the shortest time possible after the
manifestation of a disruption (bouncing back), but furthermore as having the capacity to preserve
service qualities and adjustwhile retaining adequate interactions with other systems (Bach et al
2013). Nonetheless, such anappreciation lacks the acknowledgement of what scholars refer to as
a continuous learning and uncertain evolutionary process proclaimed over the basis of adatable
persistence (Folke et al. 2010, Chelleri et al. 2015, Hémond and Robert2012). Therefore, critical
infrastructure resilience must take account of the ability of these systems to cope with external
forces, adapt to sudden changing conditionsand uphold as many service capabilities as possible
while also building up transformative, learned or evolutionary capacities.

The combined reach and further appreciation of P&P strategies within a resilience frameworkare
quite broad and has not beenfully asserted within the critical infrastructure debate (Haimes et al.
2008, Hémond and Robert2012, Mattsson and Jenelius 2015, Crespo et al. 2018. However, two
relevant understandings employed in describing the association of these two conceptsan be
identified.

On the one hand, P&P strategies have been portrayed astatic strategies thatought to be replaced
by the development of a resiliencerelated agenda (Hémond and Robert 2012, p.412). Based on
such understanding, P&P strategies arecharacterized as a set of rigid protocols that follow a strict
timeline and serve as a rigid framework preserving the pre-existing character of the system
Consequently, P&P strategies are assumed t@revent the ability of the system to foster authentic
adaptive cgpacities (Hémond and Robert, 2012). This flaw illuminates the principal reason why
P&P strategiesought to be replaced by a more resiliencerelated framework.

On the other hand, P&P strategies aredescribed as activeassetswithin a resilience framework,
which can be complemented with additional capabilities (i.e. effective response, adaption)
(Haimes et al. 2008; Mattsson and Jenelius 2015, p.20). In this regard, P&P strategiesare
explained to constitute critical components within the resilience framework, as they areaimed at
npmrcargle rfc gl rcepgr w capabilitiesf glaying thg role kf%decisivat c p _j |
enablers of adaptable capabilities following shocks (Haimes etal. 2008, Mattsson and Jenelius

2015, Crespo et al. 2018. Within this understanding, the key notion of 8 aacnr _ " jc¢c jct
d s | ar gemerges(elgmond and Robert, 2012, p.413). To appreciatethe8 aacnr _ " j ¢ | ct
functioning ,pone must consider it as a backup level that galvanizes the current characteristics of

the system, as maintained by the first understanding. However, f ¢ 8§ aacnr _"jc i

d s | ar galsb mdsupposesthat degraded operations may eventually take place, leading to the
understanding that failure is unavoidable, and that clear strategiesare needed toadapt the system
to deal with its imminent disruption . In the context of critical infrastructure s, dealing with

degraded operations means adapting complex systemsto a broad range of unknown operating

conditions. Consequently, P&P strategies secure the link between stable and degradeaberations,
while ensuring that the affected critical infrastructure is able r m _rr g | | 8§ aacnr _
dsl argmlglepu ugrfgl I slil mul bhe wepfareloftitbuseys. _r ¢ * s j

Both perspectives reveal the importance of P&P strategies within the context of critical
infrastructure debates. The first perspective brings attention to the strict nature of P&P strategies
and reveals the needfor the development of more resilient qualities. However, the first perspective
also places limited significance onthe way in which P&P measuresare able to boost the ability of

Page?2



critical infrastructures to ensure operational continuity, which simultaneously permits exploring
new adaptive potentials.

It must be recognized that if the strategies or protocolsprovided by P&Pwere not in place, systens
would not be able to maintain serviceability in the early moments of a disruption, restraining its
adaptive capacities and endangering user welfare. The immediate consideration when developing
P&P strategiesmust, therefore, carefully explore critical operating conditions. Without this, it
would be impossible to contemplate ideas of system transformability, adaptability and resilience.
Conclusively, P&P strategiesought to be understood ascatalystsinside the critical infrastructure
resilience framework.

1.3. Motivation for an Enha ncement of P&P Strategies within Railway Networks

The important role played by mass transport systems within the urban fabric places great pressure
on safeguarding their reliable service capabilities. A deeper appreciation of transport systems
indicates that they can ultimately define or influence a wide array of urban structures (Newman
and Kenworthy 2015).

Transport systems, especially those servicing densely populated areasya critical infrastructures
intended for the uninterrupted functioning of society. In cities around the world, globalization has
reinforced the unavoidable necessity to construct large, complex, and interconnected mass
transportation systems so as to enable a more efficient transfer of passengers, goods, services and
ideas (Tamvakis and Xenidis, 2012). As Newman and Kenworthy explain, mass transportation
systemss j r g k _ rfaxijitate8ecoBomies to create wealth while reducing automobile dependence
8 enabling sustainable development, increasing livability and reducing poverty &%) p.77).

Railway networks provide a particularly relevant example of mass transportation systems and
commuter railway networks are especially significant in urban areas.The growing prominence and
intricacy of cities oblige commuter railway systems tooperate dense schedules to satisfyexisting
transport demands (Newman and Kenworthy 2015). The efficiency and tremendous hauling
capabilities of the commuter railway system means that they play astrategic role within local
transport structures (Newman and Kenworthy 2015).

A precise example d the prominence of commuter railway systems as critical infrastructure is

captured by the German commuter railway networks i | mul _ g@_rf flwhich8af@ present

rf pmsefmsr kmgr md r f c arhesldrge pumbeqg of assbnggrs served by | p
these networks makes their consideration of particular relevance. In Berlin alone, the S-Bahn

network services 1.3 million passengers every working day, managinga network of 327 Km with

166 stations (S-Bahn Berlin GmbH n.d.). These numbers are comparablavith S-Bahn networks in

other German metropolises. For example, in Munichr f c-@8Ql 1 rp _|l gnmprq 62. r
every day and manages a network of530 Km and 150 stations (DB AG n.d.a).

In contrast to the relevance of railway systems within the urban environment, the stability of their
operatonsgg ncpqgqggrclrjw rfpc_rclcb ~w rfc gwqgrckqg%
(JespersenGroth et al. 2009).

As in the case of most critical infrastructures, railway systems cover large geographical aregsand
their operations are only possible due to their interdependency with other infrastructures
(Johansson and Hassel 2010). For example, the operations of an electrified railway system are
supported by an interplay betweencivil infrastructures (i.e. tracks, bridges, tunnels, etc.), electrical
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infrastructures, and telecommunications infrastructures (Hansen and Pachl 2014).Their extensive
geographical coverage together with the widespread assembly of dissimilar elements and
processes €.g. stations, tracks, switches, vehicles, personnel, passenger traffic, signals, operation
control, schedules etc.), posesan excessive burden on the control and maintenance procedures
required for their operation.

For example, within their core routes, S-Bahn lines operate at very high frequencies andfollow
rgefr rp_lgnmpr os_jgrw gncagdga_rgmlq, Rf c
made possible through a combination of very dense operational programs, he extensive and
complex interplay of infrastructural elements, and vehicle operations, which enable the systemto
move users without interrupting regular city functions. In most cities, the S-Bahn trunk lines
traverse the urban areas thiough tunnels (e.g. in Frankfurt, Stuttgart) or elevated passesand
bridges (e.g. Berlin), where their operations gain complexity due to the intricacy of the
infrastructure. Any complication occurring in these sectionscan radically hinder the capacity of
the entire network , thereby impacting the urban area as a whole.

Consequently, managing railway network operations becomes a highly composite undertaking
influenced by ever-changing external conditions, new interdependencies, as well as an extensive
array of internal components that require close oversight (Tamvakisand Xenidis 2012, Reggiani
et al. 2015, Nielsen et al. 2012). For these reasons, railway systemsre exceedingly vulnerable
and face the impending probability of failure as a part of their most fundamental and inescapable
nature. Since potential failures in railway systems are imminent, and their relevance within the
urban environment is paramount, the consideration of operational continuity i n the midst of
disruptive events is essential

The magnitude and intricate character of railway systems makes them prone to a multitude of
potential vulnerabilities. A simplified representation of the hazards most likely to affect critical
infrastructures, and in particular railway systems, is displayed in igure 1.1. These treats are
portrayed within four railway dimensions (i.e. infrastructural, traffic operation & control,
signalling and energy).

Hazards for Critical Infrastructures
Natural Hazards Technical Hazards Social Hazards
Earthquakes «  Fires EPFd“fmi(ts
Landslides *  System-Specific C”,m“mmy
Flooding Hazards... Strikes
Frost Cyber Attacks
Fires Personal Accidents
Stormis ... Sabotage ...

I
| [
Infrastructure Operation and Tram. Protfectlon, Energy
Control Signaling
[ [
I
Railway-Specific Events
Operational Events Structt‘lral Events External Events
Disturbances Operation -
Logistic Errors Management WCF{t}lCl,

b o Infrastructure Environment
Costumer Service Disruptions Events with Wildlife
Plall_llf!d Events Severe Technical Personal Accidents
(Maintenance)... Disruptions... Emergency ...

Figure 1.1 Overview of possible disruptions for critical infrastructures andrailway operations (Dorbritz and Weidmann,
2012, as cited in Chu 2014)
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Much attention has been paid towards the way in which the complexity of railway systems poses
an immediate threat to stable operations. An exploration into the causes of disruptions on railway
networks has demonstrated that around 50% of the disruptions are caused by internal operational
problems (e.g. vehicle problemsor lack of staff), whereas the other 50% is the result of external
events or indirect infrastructural breakdowns (JespersenGroth et al. 2009). In response, railway
infrastructure managersand transport operators have put forward different approachesaimed at
instituting more resilient systemservices.The most conventional measures focued on enhancing
the infrastructural sphere apply physical interventions such asflood protection walls, expanding
the drainage or endeavauring to improve station designs (Silla et al. 2014). Nevertheless, tackling
issues of traffic control and other operational aspects of railway services ae just as necessatry.

Within railway mncp _r gml q* gr gq amkkml il mujcbhec k ml
composite conditions allow for disruptions to spread rapidly over space and time and create what

rfcw a_ jpml ugicldrdaianm affects lefér boaghie way in which the deviance of a single

train servicefrom its original schedule can echo throughout the entire network, causing significant

cumulative effects (JespersenGroth et al. 2009" Rfc gwgqrckqgq% fgef nf wq
complexity severely limits its physical adaptability and stresses the need for enhanced operational

coping mechanisms. Thus, any debateon resilience in railway systems should not only focus on

their capacity to physically withstand shocks, but also the capacity of the system to remain or

regain operational capabilities by adapting to the circumstances of a disruption (i.e. P&P
strategies).

Maintaining continuous operational qualities requires the uninterrupted availability of highly

specialized resources such as expegnced dispatchers,clear dispatching rules, contingency plans,
communication technology, etc. Given that disruptions in railway operations can occur due to
different causes, staff members need to be well prepared to addressany induced situation (Chu
2014; Nielsen etal. 2012). In the event of sudden disruptions, decision-makers (e.g. dispatchers,
signalers, drivers) take and communicate critical decisions in short periods of time and within

stringent and uncertain conditions (Nielsen et al. 2012). These decisions ultimately have a ripple
effect that can influence the efficiency of the whole network and inevitably have an impact on
passenger welfare (Ghaemi et al 2016). Thus, managing the challenges andreturning the system
to planned operations demands great skill and determination.

Disruptions in railway operations are addressed within the framework of disruption -management.
Disruption-management involves the adjustment of the train service schedule as well as the rolling
stock and crew schedules (&spersa-Groth et al. 2009). Different approaches to disruption-

management tasks depend on the local context Schipper and Gerrits 2018). Regardless of the
approach, decisionmakers count with P&Pstrategies, be they in the form of bundles of dispatching

rules or detailed sets of contingency plans (Schipper and Gerrits 2018).

1.4. Overall Purpose of the Work

This work seeks to emphasize the relevance of P&P strategies as a means to foster resilience in
critical infrastructures. Railway networks serve asthe object of study since they are regarded as
among the most complex of critical infrastructure systems (Johansson and Hassel 2010) andheir
prominence within urban environments has been steadily rising over the past few decades
(Newman and Kenworthy 2015).
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More specfically, this work strives to enhance existing P&P strategiesto improve the management
of disruptions in railway operations. Upholding the operational continuity of railway systems lays

the foundation for the further advancement of resilient capabilities in an interdependent and
complex critical infrastructure.

In the following section, the literature research has two general aims. Firstly, it introduces
fundamental concepts and methods in railway transport management, cataloguing state of the art
approaches from existing research regarding the management of operational disruptions.
Secondly, it identifies voids within prominent P&P strategies supporting the management of
disrupted railway operations.
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2. Literature Review and State-of-the-Art

2.1. Overview

Asdiscussed in section 1, railway systems are characterized by their multidimensional nature and
regarded as large dynamic, interdependent and complex systems Chu 2014). Their extensive
geographical coverage, together with their widespread assemblage of diierent elements and
processes requires complex operating and maintenance procedures. Consequently, managing
railway networks becomes a highly composite undertakingthat requires close oversight. For these
reasons, railway systems are prone to the occurrene of events that interfere with their regular
operations, thus, affecting its users.

The interference of railway operations may be categorized by the amount of delayinduced by the
occurring events throughout the network (JespersenGroth et al. 2009). Marginal deviance from
the existing schedule may be merely regarded as a disturbance. However, if an incident generates
extensive variations across the planned operations (e.g. interrupting the general flow of vehicles
throughout a section), it may then be regarded as a disruption (JesperserGroth et al. 2009).
Railway disruptions are events characterized by producing substantial amounts of delays and
service cancellations throughout the network; as a result they are said to impose a substantial
burden over railway passengers.

Since the rerouting and rescheduling of railway vehicles is a much more complicated task than it

would be among its rubber-based counterparts (e.g. buses or personal motorized vehicles),
dispatchers must take critical and complex decigons within stringent and uncertain circumstances

in short periods of time. These decisions become highly relevant to the efficiency of the whole
network, affecting passenger welfare to different extents (Ghaemi et al. 2016). Operationally, the
decisions fall within one of the three disruption -management problems namely, schedule
adjustment, rolling stock rescheduling, and crew rescheduling (JesperserGroth et al. 2009).
However, every modification on the operational level would also affect the passenger tansporting

a_ n_"gjgrgcg md rfc bggpsnrcb gwqrck* | b rfsqg*

To uphold both the operational and the passenger transport quality during a disruption and swiftly
address the degraded operational circumstancesdecision-makers partially rely on the availability

of specialized resources (e.g. experienced dispatchers), and in some cases on contingency plans
(e.g. communication protocols, decision-support software, disruption programs, etc.).
Consequently, the dewlopment of enhanced support mechanisms (i.e. P&P strategies) for
disruption-management is of central importance, as they allow dispatchers to rapidly draft and
develop solutions that are better suited to address the actual station, reducing the potential for
reactions based on subjective factors.

After providing a general overview of the general principles behind railway transport management,
from the perspective of railway operations research (discussed in subsection 2.2), the current
section endeavoursa detailed exploration of the existing disruption -management approaches. In
subsection 2.3, both adhoc and planned disruption-management approaches, including state of
the art regarding available methods and models are discussed in extensive detail. Subsction 2.3
also provides an overview of the relevance regarding the systematic handling of the disruption
from both operational and passenger transport related perspectives. Later, in subsection 2.4, the
capability of railway systems to uphold its serviceability and foster its passenger transport adaptive
capacities and passenger rerouting strategies is also discussed. The section concludes in subsection
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2.5 with a summary of the most relevant disruption -management aspects and the identified
research gaps

2.2. General Railway Transport Management Principles

This subsection discusses the general principles behind railway transportmanagement. More
specifically, it discusses the overall structure behind railway operational investigations, laying the
groundwork for later addressingdisruption-managementapproaches andmodels.

Overall, railway operations research calculations allow describing the relationship between
infrastructure utilization and scheduleor servicequality (Oetting 2019). As depicted in figure 2. 1,
the general approach behind railway operations research calculations may be outlined as an input
and output process, where there is a convergence of three basic input parameters (i.e. operating
program including model trains, infrastructure model, and the delay as well as time reserves) that
together support the planning and monitoring of railway operations (Oetting 2019).

Operating Program Infrastructure Delays and
INPUTS and Mod‘el Trains M0|del Time R‘eserves
i ‘
. Occupancy Times and
Journey Times Minimum Headways
COMPUTATION | 7 ‘
Waiting Times > ‘ CDCR* ‘ ‘ Methods for Performance Evaluation
OUTPUT Assessment of the Results

* CDCR: Conlflict Identification and Resolution

Figure 2.1 General approach for railway operations research calculations (Oetting2019, modified by author)

The logical structure depicted in figure 2.1 is one among many means to generalize the analysis
of railway operations. Different alternatives aimed at describing the logical structure behind

railway operations research calculatonrs _pc¢c npmtgbcb gl 8 B%?pg)l)l m &O.
Nonetheless, the framework depicted in figure 2.1 covers most of the existingalternatives.

The three input parameters allow to determine the driving times, occupancy times and minimum
headway times, which at the same time permit to establish the scheduled waiting times during
planning stages and the nonscheduled waiting times for trains during the monitoring of real-time
operations. There is a broad range of approaches that allow ascertaining the waitirg times, and
ultimately, lay the groundwork for their assessment. From heuristic methods based on practical
dispatching rules to analytical methods founded over queuing theory, different methods can be
utilized to fullfill the tasks that are requiredthroughout the planning of railway operations as well
as their monitoring in real -time.

The assessment of results is inherently related to the task at hand. Within planning stages, for
example, during the strategic planning of the railway network or the constr uction of the schedule,
the assessment focuses are: efficient utilization of the network capacity, acquiring a robust
schedule, which enables a reduced propagation of delays (i.e. assessing the punctuality)
decreasing costs,and increasing the servicequality (B%? pg _|I m 0. . 6" , Ugr f gl r f
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operations, the assessment focuses on the impact of different traffic management measures during
technical failures or in case of train delays, which lead to spatial and temporal conflicts between

rp_gl qano®8L? p

The following subsections provide a detailed discussion on the input parameters and
computational processesthat are particularly relevant for grasping in full extent the existing
models that deal with disruption -management. Particular emphasis is given to use cases that
facilitate the ability of the network to return to its originally scheduled operations. Initially, the
operating program and model trains are discusseq later, the infrastructure modelling and the
different models available are detailed. Subsequently, the process and available models for conflict
identification, conflict resolution, and assessment of the resolution alternatives, are introduced.
Ultimately, th e methods for performance evaluation and the foundation are discussed

Theremaining computatio nal processes to calculatgourney times, occupancy times, and minimum
headway are addressed throughout the following subsections of this document, however, the
following literature may be reviewed for further insights within these processes:Wende (2003),

Hansen (2009), Pachl (2018), Hansen and Pachl (2014). On the other hand, the modelling of

delays as well as the time reservegincluding operational buffer times) is not directly addressed in
the flowing subsection; thus, it is recommended to revise the following literature : Schwanhaufer
(1974), Nie and Hansen (2005), Buker and Seybold (2012).

2.2.1. Operating Program and Model Trains

Railway operations can be summarized as the movement of trains through a given network; in
most cases, his implies a simultaneous use of the infrastructure, where the basic operational rules

or constraints must be met. The German railway infrastructure manager provides a concrete
definition for an operating program in its guideline RIL-405.01028 Th®& operaing program is the
data description of all operational processes and characteristics of the transport units involved in these
operationsy & B @ L-40% 2009 G Jown translation]).

Initially, a UIC (International Union of Railways) report explains th _ r Rail ansport demand is
steadily expanding worldwide, in particular in metropolitan areas with soaring populations. Even in
Europe where population growth is slower, forecasts show a rise in the railway share of transpaut
(UIC 2015, p.9). The increasing demand for railway services brings about an increase in the
number of passenger and freight train services that need to be planned and monitored within a
moderate growth in infrastructure availability. The increasing number of train services together
with the utilization of different vehicle types , entails a latent increase in complexity across both
planning, monitoring, and controlling tasks. However, since trains of similar or identical vehicle
types may be appointed to use the sameor relatively similar routes, trains may be grouped into
model trains (or train families) (Vakhtel 2002). The utilization of model trains introduces
significant advantages to railway operations management (see Vakht€2002, p.98).

Operating Program

Operating programs cortain information regarding all train services, including shunting operations
that take place in the railway network under consideration (DB Netz RIL-405 2009). The most
concrete form of an operating program is a railway schedule.
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In overall, as describedin guideline RIL-405 from the German railway infrastructure manager (DB
Netz RIL-405 2009), the information contained within an operating program is explained to be
constituted by:

1 Number train services (per line) within a defined time period

The interval between train services (per line)

Train properties (e.g. train length, train mass, speed, driving dynamics, etc.)
Structure (e.g. train order, number of train services within a given model train)
Routes (e.g. beginning and end stations) and stopping pattens

Train classes (e.g. longdistance passenger train, freight train) and overtakes

9 Passenger transportrequirements

=A =4 =4 4 4

A more thorough description of these elements and their use in different planning levels or tasks
can be found in Cao (2017, p. 25-26).

Depending on the stage of planning, the operating program may contain the information listed
above with different granularity. The granularity may range from generalized information
regarding the number of train services planned for a specific line within a d efined time period to
a fully established schedule that outlines the predictable movement of train services throughout
the infrastructure (Hansen and Pachl 2014).

Furthermore, a common form of operating program is introduced by cyclic schedules. Cyclic
schedules repeat themselves within a defined time period, which is generally accountedfor in
hourly intervals. Since cyclic schedules are easier to follow on behalf of railway userthe operating
programs of passenger linesare mainly planned as cyclic schelules (Hansen and Pachl 2014).

An overview of a cyclic schedule is depicted in figure 2.2, where its two central features are clearly
portrayed. First, the cycle time 0 , which is explained as the time between the successive departure
of the same vehicle or vehicle composition from the same station. Second, the fixed time interval
between two train services of the same line, which is ultimately referred to as servie interval 0
(Hansen and Pachl 2014, p.43.

Figure 2.2 General example of a gclic schedule, including the cycle time and service interval (source: Hansen and Pachl,
2014, modified by author)

Within a cyclic schedule, deriving the required number of vehicle or vehicle compositions needed

to run the operating program may be easily obtained. As detailed by Hansen and Pachl (2014),

the number of vehicle or vehicle compositions needed¢ is acquired by dividing the cycle time 0

by the service interval 0 , as generalized in equation 2.1.

<€)

0
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As they are the most straightforward example of an operating program, cycle schedules are
introduced to depict and generalize the underlying features discussed thus far. Existing approaches
for the handling of cyclic schedules, particularly during the planning phases are discussed in
Huisman et al. 2005, Liebchen (2007).

Nonetheless, contingent on the utilization of different vehicle or vehicle compositions appointed
to the train services outlined in the operating program, the required computational processes may
grow in complexity (i.e. increase in the number of vehicles and vehicle compositions with different
driving dynamics interacting with one another). Under these circumstances, the grouping of trains
into train models constitutes an adept and crucial generalization.

Model Trains

As detailed in guideline RIL-405 of the German railway infrastructure manager (DB Netz RIL-405
2009), model trains result from identifying train services with similar characteristics (in the
operating program) and grouping them so that their handling may be generalized. The central
benefit introduced by model trains is the reduction in t he dimension of the input data and its
redundancy; this is particularly beneficial for the computation of journey times ( Vakhtel 2002).

At the outset, different characteristics may be contemplated to group a train into a given model
train. The approach introduced in Bringer (1995) and later complemented by Vakhtel (2002)
provides a very comprehensive overview of the different characteristics that may be contemplated
for grouping purposes. The approach has been advanced for its utilization within analytical
methods, relying on three groups of characteristics:

i) Physical characteristics
1 Train identification
o Train number
o Train Class (e.g. regional or long-distance passenger trains, freight trains, etc.)
0 The automatic train protection system
9 Driving dynamics
0 Type of the traction unit (e.g. diesel or electric)
o Train length, mass, number of wagons (if applicable)
0 Acceleration and speed characteristics (e.gmost frequent top speed)
0 Breaking performance
i) Routes:
9 Similar routes within the investigated area
1 Similar stopping patterns within the investigated area
iii) Association with other train services
9 Service interval
1 Representative days of operation for the train service
1 Number of train services comprised by the model

Each of the characteristics that have been listeds further detailed in Vakhtel (2002, p. 100-103).

As a general rule, the German railway infrastructure manager in its guideline RIL-405.0102
explained that: §s sufficient to define model trains for a few combinations of mass, traction unit and
train lengthy & B @ RIL-405 X009, p.4 [own translation]) . During the grouping process it is
recommended that model trains with less than 5% of the total number of trains in the operating
program within the defined time period are checkedonce again to ascertainwhether if it is possible
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to reassignthem into other model trains (DB Netz RIL-405 2009). Finally, it is also recommended
that a model train should not contain less than three trains as outlined by the operating program
under consideration (DB Netz RIL-405 2009).

2.2.2. Infrastructure Modelling

As discussed in subsection B3, railway infrastructures are a highly complex and interconnected
array of elements that support the railway operations. Through different modelling techniques,
infrastructure models allow abstraction of a convoluted series of infrastructural elements so that
the railway operations can be planned, and real-time operations can be monitored.

Infrastructure models are the basis for the computational tasks involved in the planning and
monitoring of railway operations (Hansen and Pachl 2014). Overall, it is common practice to use
the building blocks of graph theory to engender an abstract representation of railway
infrastructures irrespectively from the complexity of the network being mode lled (Radtke and
Watson 2007). Consequently, railway infrastructures are primarily modelled through a series of
nodes and links (node-link models), which may be appointed a broad range of attributes (e.g.
maximum speed, gradient, length, etc.).

The techniques to model the infrastructural elements of a railway network can be generalized in
three main groups, namely, macroscopic, microscopic and mesoscopic modelling techniques. Each
of these groups is related to the degree of detail in which the infrastructural elements are being
modelled. A thorough description of each of these moddling techniques can be found among
others in: Radtke and Hauptmann (2004), Huber and Wilfinger (2006), Radtke and Watson
(2007), Gille et al. 2008, Hansen and Pachl (2014).

Primarily, macroscopic models allow handling entire railway networks within a minimal
complexity. Every element in the macroscopic model, whether it is a node or a link, contains an
aggregated version of the information across all infrastructural elements it represents.In typical
node-link models, a macroscopic node aggregates all infrastructural elements that constitute a
station regardless of its size The same is valid for links between two nodes, which aggregate the
information of all railway lines between stations (Radtke and Hauptmann 2004). As a result,
macroscopic elements are appointed with common attributes, for example, average block lengths,
speed limits, or gradients. The simplicity makes macroscopic models and adept modiing
technique to address problems sich as vehicle circulation planning or long-term traffic planning
(Gille at al. 2008). While including different infrastructural elements into one single macroscopic
element allows deriving a much simpler model of the railway network, it also comes with th e risk
of a considerableloss of accuracy due to an oversimplification.

In microscopic modelling, each infrastructural element is represented through a single node or
link, depending on the approach. In typical microscopic models, all tracks are assignedlink
elements, including tracks traversing the stations. On the other hand, the position of signals or
switches can be ascertained with considerable accuracy thanks to node elements (Hansen and
Pachl 2014). Microscopic infrastructure modelling techniques generate highly reliable models, as
gradients, block lengths or changes in speed limits can be modBed with accuracy. Consequently,
this modelling technique is compulsory for most planning tasks (e.g. computation of journey times,
schedule planning), yet its level of detail and complexity limits it s implementation in cases where
the computational time is of the essence (e.g. readtime rescheduling) (Hansen and Pachl 2014).
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Mesoscopic infrastructural models can be positioned with respect to their modeling degree of
detail between the two above-discussed techniques. Mesoscopic models limit the complexity of the
resulting infrastructural model while , at the same time allow a strategic inclusion of certain
aspects that enhance their reliability. For instance, according to Gille et al. (2008), one of the
biggest obstacles posed by the use of macroscopic models is the simplicity with which they handle
train route exclusions in railway stations or junctions. Mesoscopic models address this issue by
integrating strategic information within their node elements . Therefore, Gille et al. (2008) argue
that a mesoscopic model comes into fruition only if it can support the following two features :

1. Reachability: the modelled station (as a node) must carry information regardi ng which
platform track can be reached from which link. Like this, the switching zones in the station
can be mapped.

2. Route exclusions: the modelled station (as a node) mustallow determining, which train
runs are able to take place simultaneously, and,which induce a conflict.

A particularly relevant mesoscopic infrastructure moddling framework has been introduced in
Oetting and Griese (2016a, 2016b). The authors establish an enhanced macroscopic model able
to support the monitoring of real -time operations. Due to the proficiency of the modelling
framework, its capabilities are further explained throughout the following paragraphs.

Overall, the authors introduce a framework that merges the baseline capabilities of a mesoscopic
infrastructure modelling t echnique with algorithms that allow computing journey times as well as
minimum headway times with an element-specific granularity thanks to the incorporation of model
trains. As a result, the enhanced macroscopic infrastructure model permits conducting cofict
identification and conflict resolution processes much faster and accurate than with traditional
macroscopic models (Oetting and Griese 2016a).

The modelling technique introduced by Oetting and Griese (2016a, 2016b) can be summarized by
discussing the modelled elements and their appointed attributes. The modelled elements are
differentiated in three general groups, namely, model trains, nodes, and links.

i) Model Trains

In the modelling framework proposed by Oetting and Griese (2016a, 2016b), link -specfic
differences in long-distance railway services as well as in local railway services are the central
aspectsto consider when grouping trains into model trains.

The grouping of trains is carried out link -specific focusing on the train class and the drivihg as well
as the stopping patterns of every train. As a result, the proposed framework recommends the
formation of six different model trains. The model trains displayed in table 2.1 derive from the five
model trains introduced in Wendler and Niel3en (2005). However, Oetting and Griese (2016a)
introduce an additional model to distinguish slow local/regional passenger services.

Table 2.1 Model Trains (by author)

Model Train Meaning in German Meaning in English
PEV PF\‘S Personenfernverkehr-§ g a f | ¢ Long-distance passenger service 8§ d _ q
PF\AL Personenfernverkehr-8 j _ | e q| Long-distance passenger service 8 q j ml
PNV PN\:S Personennahverkehr-8 g a f | c¢| Local/Regional passenger service § d _ q
PNVAL Personennahverkehr-8 j _ | e gq| Local/Regional passenger service § g j m
GV GV-S Guterverkehr-§ gaf | cj j Freight service- 8 d _qr p
GV-L Guterverkehr-8j _ | eq _ K Freight service- 8§ g j mu pu
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The first column in table 2.1 provides the abbreviation utilized in the approach to identify each
model train. The second columndetails the meaning of such abbreviation in German and in the
third column , its English equivalentis presented(Oetting and Griese 2016a, p.4).

Among other characteristics described in subsectin 2.2.1, the grouping process takes place for
passenger services based on the journey times, and for freight traffic based on the maximum speed
of the train. For example, for passenger traffic, the travel times of all trains per service (e.g. PFV,
PNV) on every link are derived as a density function. If this function has two separated maxima,
the model trains for the considered service on the respective links are divided iro two models (i.e.
slow or fast), otherwise one (Oetting and Griese 2016a).

The journey time for the trains are introduced from microscopic models or other available sources,
and algorithms that allow generalizing and making the information compatible with the
framework are also provided. Furthermore, the additional times required for a cceleration (to reach
the top speed) and deceleration of every model train (e.g. for the stopping at nodes) are also
considered The calculation of these additional times is conducted by distinguishing betweenthe
characteristics of every model train (i.e. differentiating between electro and diesel traction units)
and assuming a parameter ofl | , which considers the sum of all track resistances(Oetting and
Griese 2016, p.5).

i) Links
The modélling framework introduced by Oetting and Griese (2016a, 2016b) fore sees links as all

elements between two nodes (i.e. junctions and stations). These elements are appointed with eight
fundamental attributes, and the most relevant of these attributes are:

Electrified (Yes/No)

Number of tracks

Maximum train length

Maximum train mass

Possible hdirectional operation on each track (Yes/No)
91 Restriction/Priority (for every train category)

= =4 =4 =4 A

For a detailed description of each of the attributes, refer to Oetting and Griese (2016b, p.76).

In the proposed modelling framework, as in most mesoscopic and macroscopic models, the links
aggregate information of different infrastructural elements. Potential infrastructural elements

which may be incorporated into a link are, for example, beginning, and end of block sections,
signals, changesin track gradients, etc. (see Oetting and Griese 201@, p.2). Nevertheless, each of

the incorporated elements is still able to convey particular attributes, a characteristic, which allows
enhancing the reliability of the resulting model. The best example for such an advantage is the

ability to locate each of the incorporated elements within the link in correspondencetoar p _ai %q
driving direction (e.g. location of signals, beginning, and end of block sections, etc.).

Furthermore, minimum headway times are not usually supported in macroscopic or mesoscopic
modelling approaches. However, in the modelling framework introduced by Oetting and Griese
(2016a, 2016b), link elements are complemented with algorithms that allow an automatic
computation of the minimum headway times. Minimum headway times on a link may be computed
based on the journey time information between the nodes. The journey time information is specific
for every model train, and as explained above, it may be derived from different sources (e.g.
schedule or other microscopic models) (Oetting and Griese 201, p.3).
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The minimum headway is calculated for the respective model trains as displayed in equation 22
(Oetting and Griese 2016a, p. 9). The minimum headway time 0 i between train ‘and Q
may be ascertained by determining the maximum value of the sum of the journey timeso ; of
train "Cacross the block sectionsQ p plus the actual occupancy time & pi Of train "Qn block
& plus the pre-blocking time @ i of train "0On block & minus the sum of the journey times 0 ;;

of train "Cacross the block sectionsQ In equation 2.2, the pre-blocking time & y results from
the sum of the route setting time 0 , signal visibility time 0 and approach time 6 (see also
Hansen and Pachl 2014, p.24).
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Equation 2.2, has been conceived to supportits implementation in a mesoscopic infrastructure

model; thus, the resulting minimum headway timesreferr m r f ¢ rp_gl g% bcn _prsp

and not to the beginning of the blocking time itself (Oetting et al. 2011, as cited in Oetting and
Griese 2016a).

Ultimately, during the computation of the minimum headway time on a link, the minimum
headway times respective ta the route through the switching zone leaving the node at the
beginning of the link until the j g | firstin signal (in German: Hauptsignal) , and the minimum
headway time beyond the home signal (in German: Einfahrsignal) respectiveto the end node of
the link, must be considered (see pointiii) Nodes).

iii) Nodes
The modelling framework introduced by Oetting and Griese (2016a and 2016b) foresees the
representation of nodes as in the approach introduced inWendler and Niel3en (2005). Wendler

and Niel3en (2005) propose the modelling of junctions and stations in the railway network by
considering two components, namely, switching zones and platform tracks.

The enhanced modelling framework appoints fourteen attributes across both node components,
which are distributed in the three main groups as detailed below.

Attributes for the whole node:

9 List of links adjacent to the node

Matrix of relations (Matrix Rel)

Tracks of the adjacent link in the station without a platform

List of the platform track groups and platform track (including numbers)
Train protection system available

9 Distance properties of the adjacent links (Matrix - S)

= =4 4 4

Attributes specific to switching zones

9 List of switching zones

Matrix of reachability (Matrix E)

Matrix of conflicts (Matrix K)

Matrix of velocity (Matrix V)

Distance propertiesfor the switching zone (Matrix L)
Matrix of total occupations (Matrix Z)

= =4 =4 -4 =4
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Attributes specific to platform track groups:

1 Distance properties for the platform track groups and platform tracks
1 Matrix of total occupations (Matrix Z)

Each of the node attributes is discussed infurther detailed in Oetting and Griese (2016b, p.182-
189).

The modelling framework supports the capability to represent the reachability between specific
tracks within a link and platform tracks within a node by appointing a matrix of relat ions (Matrix
Rel) as well as the matrix of reachability (Matrix E). Likewise, it supports the capability to represent
pairwise route exclusions through the switching zones by attributing them with a matrix of
conflicts (Matrix K). Consequently, the modelling framework covers all essential features of a
mesoscopic node elementas detailed by Gille et al. (2008).

Furthermore, just as link elements, node elements are also complemented by algorithms that
support an automatic computation of minimum headway tim es.

Minimum headway times are computed separately for switching zones and platform track elements
by utilizing pre -blocking times & and occupancy timesa . The means to ascertain the pre
blocking times & and the occupancy imes ¢ in nodes is generalized in equations 2.3 and
2.4 (Oetting and Griese 2016b, p.196). The computation of the pre-blocking times & s, in
principle, ascertained asdiscussed for link elements. However, the occupancy time & is
computed as the sum of the journeytime in the common route sectiono that also includes the
clearing time, plus a release timeo .

a o 0 o (2.3)
a o o (2.4)

Due to the existence of different driving patterns through a node, the modelling framework
observes different cases to ascertain both the prélocking and occupancy times. Three driving
patterns are taken into consideration, namely, arrival, departure without astop in the node (drive-
through) and departure with a stop in the node.

In order to ascertain the pre-blocking times in switching zones, the driving patterns under
consideration are said to affect the approaching timeo (Oetting and Griese 2016b, p.194). For

an arrival to the node, 6 is recommended to be equal to the journey time in the track between

the distant signal (in German: Vorsignal) and the home signal. For the departure from the node
without a stop, 0 is recommended to be equal to the journey time between the home signal and

the exit signal (in German: Ausfahrsignal). For the departure from the node without a stop, 0 is
recommended to be equal to the journey time between the stoppng position and the exit signal.
Ultimately, i n order to determine the pre-blocking times in the platform track, 0 is ascertained

as described forswitching zones and respective to the driving patternnu f gaf aml ggbcpgqg
arrival and departure to and from the node.

Furthermore, in order to determine the occupancy time & , the driving patterns under
consideration are said to affect both the total journey time 6 and the clearing time throughout
the node. However, in this case, different train combinations must also be considered.
Consequently, the computation is conducted fora combination of "® and "@ (i.e. first and second
trains, respectively) (Oetting and Griese 2016b, p.194-195).
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For switching zonesthe 0 and the clearing time is determined for the two first driving patterns
since platform track groups generally englobe more than one platform track.

1 For an arrival of "® to the node, the 0 is equal to the journey time between the home

signal and the pl_r dmpk rp_ai %9 qr mnngle nmggr g ml

switching zone plus the length of the train "®.
9 For a departure of " from the node, two cases are recognized:

o Iftrain "@ is not foreseen to drive through the same track on the adjacent link the
0 is equal to the journey time of "® from the exit signal through the switching
zone plus the length of the train "®.

o If the train "@ is foreseen to drive through the same track,the 0 is equal to the
journey time of "@® between the exit signal through the respective route on the
switching zone until the clearing point past the first main signal of the link plus
the length of train "Q.

The occupancy timed for the switching zones is computed by introducing the journey time
0 respectiveto the driving pattern in equation 2.4.

For platform tracks, the 6 and the clearing time is determined by differentiating between the
departure and arrival of the first train from the node.

1 Forastopof "® in the node after its arrival, the 0 ; is equal to the journey time between
the home signal and the stopping position at the platform track.

1 For a departure of "® from the node after its stop, the 0 ; is equal to the journey time
between the stopping position at the platform track and the clearing point passed the
exiting signal of the link plus the length of train "@.

1 For "® driving through the node without a stop, the 0 is equal to the journey time
between the home signal and the clearing point passed the exiting signal plus the length
of train "@.

The occupancy time & for platform tracks according to the different driving patterns is
ascertained as summarized in equations 2.5 and 2.6.
a o 0 i o ¢®

o 0 i &
The total occupancy time & for the different driving patterns and train combinations is ascertained ,
as summarized in equation 2.7. However, for calculating the total occupancy time & for platform
tracks of trains departing or starting their service at the node, the variable & does not existas it
has already been considered in the respective driving pattern (i.e.0 ).

a« o aq ¥
The total occupancy time in the platform tracks does not include the stopping time d  of a train,

which can be adjusted by the user Qetting and Griese 2016, p.233).

Ultimately, the total occupancy times are summarized in a matrix of total occupations (matrix Z)
for every switching zone and platform track group or platform track in the node ( Oetting and
Griese 20160, p.197).
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2.2.3. Conflict Identification and Conflict Resolution (CDCR)

As discussed in subsectiond.3 and 2.1, due to the complexity of railway systems, disturbances in

their operations take place frequently. The disturbances induce conflicts between trains that must

be pre-emptively identified and resolved by adjusting the existing schedule. Hansen and Pachl
explainthatinot cp_jj _bbpcqgqgl e b gdgntfging andlsaviogtraicdonflictyyj g8 8Y
while minimising the train delay propagation and maximising the dynamic utilization of railway

capacityp &0./ 2* n, 040" ,

Approaches based on the identification and resoltion of train conflicts have been mainly utilized

as a part of decisionsupport systems allowing dispatchers to address disturbedreal-time

operations. This task has been aptly labded as the: Conflict Detection and Conflict Resolution

npm  j ck &AriBnd R008). OBctsion-support models framed within CDCR principles, have
not only been advanced for reaktime traffic management (i.e. rescheduling) as in Oetting et al.

(2013) or Kuckelberg (2011), but also for schedule construction (i.e. planning) purpo ses as in
Chiang et al. (1998) or Oetting et al. (2011). This subsection provides an overview ofexisting

CDCR models and adiscussionregarding the most important aspects that support their ability to

addressthe planning or the management of disturbed railway operations.

At the outset, the CDCR principleshandle conflicts across different operating circumstances, for
example, conflicts between trains, the infrastructure as well as with the operating program.
Together, the different conflicts can be recogrized and grouped in specific conflict types. There
are four fundamental conflict types often handled by CDCR approaches namely, occupancy
conflicts, infrastructure availability conflicts, circulation conflicts, and connection conflicts (see
Pferdmengesand Schaefer1995; Hansen and Pachl 2014). Figure 2.3 provides an overview of
each of the four fundamental conflict types.

Infrastructure Availability Conflicts Occupancy Conflicts

Not Available

= Two trains seek to occupy

the same route section
simultaneously
= The desired occupancy time

of the second train begins

= A train seeks to occupy an
infrastructural element that
is not available

= The originally scheduled

infrastructure is not t Scheduled

available to the planned before the end of the
extent occupancy time of the first
. train
Conflict Types
= A conflicting transfer of = A conflicting transfer of
passengers between train vehicles or personnel between
services takes place train services takes place
» The difference between the » The difference between the

X A Feeder-
arrival time of the feeder Planed

train and the departure time  Feeder-

arrival time of a train service
Transition  and the departure time of the
of the transfer train is less train  service after the
than the minimum transfer transference is less than the
time of passengers minimum transition time

Connection Conflicts Circulation Conflicts

Figure 2.3 Overview of the fundamental conflict types (Pferdmenges and Schaefer 1995as cited in Oetting 2019;
modified by author)

The management of the four fundamental conflict types is divided into the two central steps that
constitute the CDCR approach, namely, the identification and the resolution of conflicts. Bar
(1996) explains th at within each of these steps further processes take place, ultimately, instituting
the conflict-management framework.
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i) Conflict Identification (CD)

In the conflict identification process, potential conflicts are identified within a given time period
(Hansen and Pachl 2014). The time period depends on the implementation context for example,
for the monitoring of real -time operations, conflicts are identified for a given time horizon (e.g. 15
minutes ahead from the actual time) (Hansen and Pachl 2014).

Furthermore, within the conflict identification process, conflicts may also be classifiedso that their
resolution can be conducted with further knowledge of the operating situation in which they have
taken place (Neuber 2017).

Further insights in the conflict identification process are discussed in detail in the works of:

B%?pg_I m &0..6"* N_af|j & 0 . / &Neuber RB017),q@madng othérds N _

i) Conflict Resolution(CR)

The conflict resolution process addresses the identified conflicts by introdicing the necessary
adjustments on the existing schedule in such a way that the resolution is compatible with actual
train delays and the condition of the network (Hansen and Pachl 2014). More specifically, conflict
resolution involves the introduction of spatiotemporal adjustments in the schedule of the
aml djgargle rp_glg &B%?pg_I m 0. .6",

The existing models may be distributed into those that mainly employ heuristic approaches and

those that rely on other methods (e.g. exact methods). The most relevant models able to address
the four different conflict types among these two general groups are discussed in the following
subtitles. Ultimately, due to the importance of the overall process, a detailed discussion regarding
the assessment of conflict resolution aternatives within heuristic approaches is also provided.

CDCR based on Optimisation Approaches

CDCR processes based on optimization approaches utilize mainly exact methods to compute near
optimal conflict -free schedules (Hansen and Pachl 2014). Models basd on optimization
approaches provide a detailed exploration of the problem and derive potential solutions that are
specifically tailored to address that actual situation.

CDCR processes based on optiraation approaches have been developed to support boththe
planning and real-time monitoring of railway operations, across all four discussed conflict types.

Occupancy andnfrastructure Availability Conflicts

aahin (1999) utilizes CDCR principles formulated as a job-shop scheduling problem to address
occupancy conflicts during realtime operations. The model identifies and resolves conflicts
synchronously within a time-horizon and incorporates look-ahead capabiities to evaluate its
developed conflict resolution alternatives. The conflict-management is supported by a heuristic
algorithm and solved through a mixed-integer linear programming model that seeks to minimize
the average generated delays.

Tornquist and Persson (2005) introduce a two-level iterative approach to address occupancy
conflicts within real -time operations. The first level in the approach seeks to optimize through a
linear programming model the allocation of start and end times of all assessed tains and the block
sections they are foreseen to occupy. The second level derives the order of trains through junctions
and overtakes through Tabu search or Simulated Annealing algorithms.
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Rodriguez (2007) proposes a model that relies on constraint programming and simulation
techniques to resolve occupancy conflicts. The model supports the scheduling and reschedulingf
trains through junctions and stations utilizing branch and bound strategies within very stringent
computational times.

B%? p g __ | npregefits a dispatching support system with the capability to perform reaktime
rescheduling due to the occurrence of disturbances. Utilizing an alternative graph model,and some
heuristic methods, the system divides the CDCR problem into two subproblems. First, the model
addresses the ordering and timing of trains through the infrastructure, also taking into
consideration its availability. Second, with the results from the first problem, the model deals with
the possible rerouting alternatives. The first problem is addressed through a truncated branch and
bound technique, which seeks to minimize the induced delay. The second problem is solved
through a Tabu search algorithm, which allows exploring different routing strategies and improve s
the results obtained from the first sub-problem.

Caimi et al. (2012) propose a closedloop discrete-time control system to address the occupancy
conflicts by generating spatiotemporal solutions. The solutions are attained through a linear

optimization model based on blocking ime theory while respecting connection constraints and

platform track changeswith the objective of maximizing customer satisfaction. The solutions are

projected onto the actual operating circumstances and displayed to dispatchers as timalistance

graphs.

Pellegrini et al. (2014) introduce a model that allows addressing occupancy conflicts based on the
blocking time theory detailed in Hansen and Pachl (2008). The model utilizes a mix integer linear
programming to ascertain the best possible spatial and temral modifications for trains affected
by a disturbance, seeking to minimize the induce delay.

Corman and Quaglietta (2015) present an approach to complement existing CDCR modelswhich
function as decision-support mechanisms for the monitoring of real-time operations (e.g. the

gwgrck glrpmbsachb gl B%?pg I m* 0..6", Rfc _nnpm_ce

algorithms and the necessary projection of the operational environment, which is utilized to
develop and assesshe proposed solutions The approach introduces stochastic deviations into the
projections so that they can better reflect actual operating situations.

Circulation Conflicts

Schrijver (1993) addresses the circulation planning of trains and proposes a model to satisfy
passenger demandby optimizing the number of rolling stock units (i.e. traction unit plus wagons)
appointed to the scheduled train services. Utilizing a directed graph, the number of rolling stock
units is optimized through integer linear programming.

Ben-Khedher et al. (1998) address the problem of adjusting the allocation of vehicles (i.e. modular
units that have the traction unit attached to a series of articulated wagons) within vehicle
compositions (i.e. a set of coupled vehicles) based on an updated schedule. The maal is aimed at
high-speed train services. The vehicle allocation uses an event graph model coupled with
operational constraints (e.g. the number of vehicles available, the maximum number of vehicles
appointed to combinations and station storage constrainty and access to the seat reservation
system to determine a new circulation plan for the trains with new vehicle compositions. The
problem is solved through integer linear programming, seeking to maximize the operating profit
within a time horizon.
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Peetersand Kroon (2003) introduce a model to establish the circulation of rolling stock units for

a given line or on a set of corresponding lines following a given schedule. The proposed model
utilizes a branch and price algorithm to appoint rolling stock units to train services in the daily
schedule. The solutions are assessed based on the number of seats which are made available,
robustness, and the cost of the resulting circulation plan.

Fioole et al. (2006) extend the model of Peters and Kroon (2003) to support the coupling and
decoupling of train services along the lines or set of corresponding lines. Additionally, the authors
also consider the existence of different cycle variants, which refer to the presence of line branches
with different lengths.

Alfieri (2006) proposes a model to derive an efficient circulation plan for vehicles based on an
integer multi -commodity flow model. The model has similar capabilities as previously discussed
approaches however, for coupling and decoupling purposes, it takes into account the order of the
vehicles within the vehicle compositions. This feature is particularly useful to derive an efficient
circulation plan for lines that schedule several coupling and decoupling operations.

Haahr et al. (2016) propose a model thatis better suited to real-time operations and is targeted at
assigning different vehicle compositions to a schedulethat needs to be adjusted due to a
disturbance. The modification of the circulation plans is achieved by allowing vehicle compositions
to be coupled or decoupled while taking into consideration the order vehicles in the composition.
Furthermore, the problem is solved through a mixed-integer linear programming model that seeks
to minimize the number of kilomet res driven as well as the shortage ofseating availability for
passengers and ensure that the circulation plan for the next day schedule may be fulfilled
(minimize the end -of-day imbalance, see also Nielsen 201}.

Connection ©nflicts

Ginkel and Schobel (2007) introduce a model to address comection conflicts due to a delay in the
feeder train. The authors utilize an alternative graph model and integer linear programming
founded over a discrete trade-off between time and cost in project networks, extending an
objective function that includes passenger delay and the number of broken connections.

Sparing und Goverde (2012) utilize delay propagation methods based on Max-Plus algebrato

evaluate connection conflicts within cyclic schedules. The model makes it possible to evaluate for

different delay scenarios, the effects of guaranteed connections on the stability of the schedule.

Rfc kmbcj %g ct _js_rgml dslargml r _icgqg glrm _aams
arrivals. The model can be implemented to assess existing schedules or ireal-time situations by
introducing the actual delay in the system.

Lemniam et al. (2014) introduce a model which allows identifying and classifying connection
conflicts in real-time. By modelling the railway network through an event -activity network and

introducing an on-line delay propagation using historical distributions, railway operations are
monitored, and connections conflicts are identified. Later, a classification techniquebased on fuzzy
logic allows classifying identified connection conflicts and providing the information to

dispatchers.

Discussion

The models reviewed within this subtitle cover both the planning as well as the monitoring of real -
time operations through different optimization approaches. This can be evidenced by contrasting
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the modelling of real-time occupancy conflicts asa job-shop scheduling problem detailed in eahin
(1999) or the branch and price algorithm utilized to plan the circulation of railway vehicles
detailed in Peeters and Kroon (2003).

Regardless of the conflict type being addresseda majority of the discussed models rely on the
utilization of exact methods. In particular, linear progra mming has been utilized consistently to
address every conflict type, forexample:Egl i ¢j _ I b Qaf A  cj &GCamidal*
(2012) or Haahr et al. (2016) . While exact methods conduct a very detailed explaation of the
problem and deliver solutions with considerable quality, they require robust and complex
frameworks (e.g. Pellegrini et al. 2014). In order to curb the complexity and maintain their
practical relevance, the models focus on one the handling of one specific conflict type or
incorporate general simplifications (e.g. simplified objective functions). The best example is the
absence of a model framed within exact methods that is ableto support the handling of more than
one conflict type simultaneously.

Whereas in the planning phase, computational times and efficiency are not of the essence, during
real-time operations, the models must support the ability of dispatchers to react to the situation
swiftly . Therefore, the practical relevance of models hat rely on exact methods is further
compromised as the complexity of the disturbance increases and the event turns into a disruption
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disturbance and the compldty and density of the railway network are other important time

consuming factors to be taken into account during the traffic prediction, since in case of severe

disturbances a large number of trains are involved in conflicting situations and more decisoreed

to be made.Further research should therefore be dedicated to the analysis of more sophisticated

techniques of problem decomposition in order to fill the gap between solution quality and computation

times for more complicated and densely used railwaetworkq Y {2P08, p.171).

CDCR Based on Heuristics

CDCR processes based on heuristic approaches include models that are founded over rdtmsed
or existing metaheuristics approaches (e.g. Tabu search). Due to their flexibility, heuristic
approacheshave beenmainly, but not exclusively, exploited to constitute decision-support systems
for real-time operations.

In many heuristic approaches there is a clear distinction between the identification and the
resolution of conflicts as two distinct processes (e.g. Chiang and Hau 1995, Jacobs 2004 orOetting
et al. 2011).

Within the identification process, conflicts are usually identified, classified and sorted into one
single conflict list. For a detailed discussion regarding the comprehensive identification and
classification of conflicts based on heuristic approachesrefer to Fay (1999), Oetting et al. 2013,
or Neuber (2017).

Within the resolution process, conflicts are resolved systematically by addressing the conflicts
already sorted in the conflict list. Overall, conflicts can be solved either synchronously or
asynchronously (Oetting et al. 2011). An asynchronous approach solves conflicts contingent on
given rules, for example, the priority of the trains involved in the conflict. On the other hand,
synchronous approaches would consider primarily the temporal occurrence of the conflict, making
them prone to result in deadlock situations (Pachl 2007).
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Additionally, there are some approaches that address the identified conflicts through the
development and assessment of a series of conflict resolution alternatives. The resolution
alternatives may be developed utilizing predefined elemental conflict solutions and a simulation
or projection of the existing traffic (Oetting et al. 2013). The number of the resolution alternatives
being developed and the extent to which they are assessed depends on the nature of the conflicts
being handled and the proficiency of the model (e.g. the number of predefined elemental conflict
solution strategies available).

A broad range of modelsthat support addressing the two central steps of the CDCR problem and
their respective processes have been put forward. The main share of these models concentrate on
the handling of occupancy conflicts, yet some examples also address other fusamental conflict
types. While most techniques presented in these models are developed to deal with train conflicts
that arise as a product of disturbances in the system or during the construction of the schedule, it
is essential to consider them as they lave laid the groundwork for the advancement of many
disruption -oriented models.

Occupancy andnfrastructure Availability Conflicts:

Chiang and Hau (1995) introduce a model intended for railway schedule planning, which is based
on a two-step repairing heuristic technique. The heuristic starts with a flawed schedule (i.e. not
conflict-free), which appoints the trains random routes through the stations. Conflicts are then
identified, stored in a conflict list, and resolved synchronously utilizing five elemental conflict
resolution alternatives. For every conflict, the first step in the heuristic algorithm utilizes local
search methods to explore routing options for the conflicting trains. The second step sharpens the
solutions by exploring optimal routes thro ugh stations and temporal modification using a hybrid
metaheuristic that combines Simulated Annealing and Tabu search algorithms. The resolution
alternatives are assessed through an objective functiorthat seeks to minimize the total running
time of trains and the deviation on the starting time of each train, as foreseen in the flawed
schedule.

Missikoff (1997) introduces a knowledge-based system intended for providing decisiorsupport to
dispatchers during real-time operations by means of an early identification and resolution of
conflicts. The system conducts a shorterm projection of the actual operations, which is utilized
to identify and sort conflicts for their subsequent resolution. The user can decide if conflicts are
sorted synchronously or asynchonously (i.e. using train priorities). Conflicts are systematically
selected, and a series of conflict resolution alternatives are generated utilizing two elemental
conflict solutions. Solutions are generated through enhanced searching techniques and a siplified
look-ahead capability that retains the alternatives in a decisiontree. The alternatives are assessed
based on a projected weighted sum of all train delays with respect to the train category.

Chiang et al. (1998) introduce a fully automated and asynchronous scheduling heuristic based on
the two-step repairing heuristic proposed in Chiang and Hau (1995). The iterative approach
generates an initially flawed schedule for all trains in one category, which is fixed through a CDCR
approach before the nex category of trains is introduced. The CDCR algorithms utilize five
elemental conflict solutions and incorporate a knowledge-base that contains rules extracted from
experts to resolve the conflicts. Due to its fully automated character, the conflict resolution
heuristic is complemented by a redundancy elimination algorithm that identifies and removes
unnecessarytemporal shifts that have been appointed to trains as conflict resolutions. The process
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is allowed to jump back in the conflict -free region and remove unnecessarytemporal shifts from
the schedule.

Jacobs (2004) introduces a decisionsupport system for the identification of occupancy conflicts
based on blocking time theory. An overview of blocking time theory can be attained by referring
to the work of: Pachl (2018) or Hansen and Pachl (2014). The utilization of blocking time theory
(i.e. microscopic infrastructure representation) allows the model to develop highly reliable conflict
resolution alternatives through the use of six different elemental conflict solutions. Conflicts are
resolved asynchronously based on the category of the trains and various alternativeshat seek to
kglgkgxc rfc rp_glg% psllgle rgkc, Dgl _jjw*
dispatcher so that they an be selected.

Wegele and Schnieder (2004) utilize a series of metaheuristic approaches to address occupancy
conflicts during real-time operations while also taking into consideration connection conflicts
during the assessment. The CDCR problem is repsented through an eventbased Petri net, where
resolution alternatives are generated asynchronously utilizing elemental conflict solutions.
Resolution alternatives are first generated using combinatorial optimization algorithms (i.e. greedy
algorithm, Tabu search, and Simulated Annealing) in parallel to find a starting point and narrow
down possible decisions. The solutions are further optimized utilizing a particular set of functions,
which are assessed through a penalty function that takes into account tain delay, changes in
platform tracks, and broken connections.

Oetting et al. (2011) introduce a model constituted by different heuristic algorithms that support
the scheduling of trains (i.e. the planning phase). The algorithms are devised for a mesoscojt
gl dp_qgqrpsarsp_|j kmbcj _|Ib _bbpcggq maasn_1I| aw
overall structure is constituted by an iterative and asynchronous CDCR approach that introduces
trains from one category and solves all conflicts before he next category is added. The conflict
identification is conducted differently between link elements and node elements. In link elements,
the conflict identification is limited to two -train conflicts, which is later compensated by the
k mb c j %gheaf mapability used in the evaluation of the conflict resolution alternatives. In
nodes elements, across switchinggonesand platform tracks, conflicts are not limited to two trains,
and the identification distinguishes between single over-occupation (two-train conflicts) and multi
over-occupation conflicts (more than two trains in a conflict). The resolution alternatives are
developed differently depending on the conflict that takes place in a node or alink, utilizing four
elemental conflict solutions and supporting their combination. In links, resolution alternatives are
developed, taking into consideration the minimum headway restrictions, and affecting the trains
directly involved in the conflict. In nodes, a heuristic algorithm is introduced to develop conf lict
resolution alternatives depending if it is a single or a multi over -occupation conflict.

9 For single ovefoccupation the heuristic algorithm guarantees that each solution is conflict-
free. Conflicting trains may be shifted in time at the platform tra ck or at the home signal,
or rerouted throng the node. If the rerouting generates a conflict with other trains, the
rerouted train is appointed an additional shift in time. All possible routing alternatives for
the directly involved trains and time shifts are memorized. However, if no feasible solution
is found until a limit in the time shifts has been reached (i.e. set by the user)the search
area needs to be expandedo avoid deadlocks.

9 For multi over-occupation the same principles as in the previous @se are also valid with
some modifications. If the above-describedexploration yields no conflict-free combination,
potential solutions that still contain conflicts are further considered in the same step. The

Page24

bgdd:

_I'b g



exploration of these potential solutions is limited to single over-occupation conflicts (to
limit computation time) , where trains that were not directly involved in the conflict can
also be affected by the elemental conflict solutions. Ultimately, if still no conflict -free
combination can be found, the alternative that reduces the degree ofover-occupation by
at least one train is chosen and the remaining conflicts are added to the list. If no
combination is able to reduce the degree of overoccupation, the search area is expanded.

In the approach the resolution alternatives are assessed through an evaluation function that takes
into consideration the weighted waiting time introduced to the trains, the weighted waiting time
of the non-affected trains due to follow-up conflicts (look-ahead), a waiting time equivalent
penalty value for changing the platform track, and only for links a penalty for solutions that curtail
same direction bundling.

Corman et al. (2012) propose a detailed alternative graph model and two heuristic algorithms to
address occupang and circulation conflicts. The heuristic algorithms are based on the truncated
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of Paquete and Stltzle (2006). The overall structure entails an iterative CDCR pocess that is
supported by the branch and bound algorithm and by assuming fixed connections, the Pareto local
search framework is then applied.

Oetting et al. (2013) introduce a framework of a real-time decision-support system that supports
the automatic identification and visualization of conflicts, where different resolution alternatives
are developed synchronously. In the system, occupancy conflicts are identified within a
microscopic moddled network, which allows their classification with respect to the operating
situation in which they take place. The classification enablesrecognizing aspects like routes in the
infrastructure that are common for all trains directly involved in the conflict. The resolution of
conflicts relies on elemental conflict solutions, which are coupled with special heuristics that allow
ascertaining with precision the temporal adjustments, such as the temporal shifts, stopping times,
and bending factors. The assessment of the resolution alternatives supports a loclahead capablity
by providing a framework to assess the likely impact of follow-up conflicts based on their severity.
The evaluation function considers the expected relatver gk ¢ af | ecq &g, c,
delay vis-a-vis the original schedule), the changesin the projected operating situation (change in
conflict severity before and after the projected implementation of the resolution alternative) and
any changes in platform tracks. The threedetermining variables are weighted and additively linked
to constitute a modular evaluation function, which allows introducing further determining
variables, such as energy consumption

Neuber (2017) introduced a set of rule-based approaches to improve the identification of
occupancy conflicts and the projection of train movements represented as timedistance graphs.
Initially, an approach that allows the calculation of the driving dynamics respecting permissible

speeds and boundary conditions throughout the scheduled routes is provided. Furthermore, a
robust framework for conflict classification for two -train occupancy conflicts within microscopic

models is introduced.

Circulation Conflicts

Budai et al. (2010) propose a model that allows adjusting the circulation plans due to the
occurrence of disturbances in the systemThe model represents the modification of the circulation
plans as asingle commodity network flow problem, allowing the coupling and decoupling of the
vehicle compositions and imposing a limit on the resulting train lengths. The circulation plan is
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addressed through an iterative two-step algorithm. The first step reassigns the vehicle
compositions to different train services, seeking to acquire feasible compositions and reduce the
number of vehicles that generate an endof-day imbalance. The second step utizes the alternatives
generated in step one and further enhances them by performing coupling and uncoupling
operations seeking to further reduce the endof-day imbalance. The resulting alternatives are
introduced in an integer linear programming model to select the circulation plans with minimum
vehicle kilometres, seat shortage kilometes, and number of composition changes

Miao et al. (2010) propose a heuristic algorithm to compute a circulation plan for vehicles while
taking into account maintenance constraints. The approach is based on an alternative graph model
where all possible circulations of vehicle compositions between train services detailed the schedule
can be mapped out. Initially, a heuristic algorithm starts by allocating vehicle compositions with a
circulation to the train services first scheduled to departure from the different stations. Later, a
second heuristic algorithm exchanges the circulation to different train services while abiding with
maintenance constraints like the number of inspections in time and maximum travelled distance
between inspections. Potential solutions are assessed otthe basis of the number of vehicle
compositions needed for the resulting circulation plans appointed to the schedule.

Connection ©nflicts

Kurby (2012) focuses its model on developing conflict resolution alternatives to address
connection conflicts within real -time operations while taking into consideration the effects on
further connections. The model relies only on two elemental conflict solution alte rnatives, namely,
shifting the connecting train in time so that it waits for the feeder train (i.e. securing the
connection) or breaking the connection (i.e. no shift in time for the connecting train). The
resolution alternatives are projected on the operding situation and assessed by an objective
function, which considers the total passenger delay.

Stelzer (2016) introduces a semi-automatic decision-support system to be utilized during real-time
operations and perform a consistent identification and resolution of connection conflicts as well as
an objective assessment of the conflict resolution alternatives. The system is conceivedn a
modular basis, where conflict identification, conflict resolution, assessment and selection of
resolution alternatives are provided each with their own structured approach. The approach relies
on heuristic as well as combinatorial algorithms and a robust logical framework to diagnose the
operating situation of connection in the network and explore resolution alternatives uti lizing more
than ten different elemental conflict solutions. The evaluation function identifies the measure or

set of measures that better satisfieshemncp _r gl e amkn_| w%q caml mkga

Discussion

The models explored within this subtitle also suppat both planning as well as the monitoring of
real-time operations by incorporating a broad range of different methodological approaches. For
example, models like Chiang et al. (1998) or Oetting et al. (2011) that are entirely based on
heuristic methods. Contrastingly, while other models like Budai et al. (2010) or Corman et al.
(2012) are based on heuristic methods they also incorporate optimization approaches to refine
their solutions.

From the models entirely based on heuristic methods, the structure wth which they are able to
derive their solutions is of particular relevance. For example, models like Missikoff (1997), Chiang
et al. (1998), Oetting et al. (2011), Oetting et al. (2013) or Stelzer (2016), introduce a very robust
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framework to support the identification and systematic resolution of conflicts by taking close
consideration of the actual operating situation in the network. These models develop their conflict
solutions based on predefined elemental conflict solutions, which constitute standard
spatiotemporal adjustments that are used to propose one or more conflict resolution alternatives
(Oetting et al. 2013). The overall benefit of incorporating a set of pre -defined elemental conflict
solutions to resolve the identified conflicts consists d allowing an automatic system to react
reliably and generically to the actual operating situation (Stelzer 2016).

Furthermore, for the models based on heuristic approachesthe infrastructure modelling technique
being utilized is also of importance. Depending on the degree of detail of the infrastructure
modelling, the identification of conflicts and the pre-defined elemental conflict solution strategies
incorporated in the system can be as precise as the ones discussed in Oetting et g2013) or broad
as in Oetting et al. (2011).

In heuristic models are structured around a systematic resolution of conflicts (Chiang et al. 1998
or Oetting et al. 2013), a consistent and essential quality to be supported by their conflict
resolution approaches are look-ahead capabilities (Oetting et al. 2011). Look -ahead capabilities
allow taking into account the conflicts that may be induced on other trains due to the
implementation of resolution alternatives (i.e. follow -up conflicts) during the assessment process.

Assessment of Dispatching Measures for Heuristic Decision  -Support Mechanisms

As it has been discussed tiroughout the previous subtitle, some heuristic CDCR approaches
incorporate predefined elemental conflict solutions (e.g. Chiang and Hau 1995, Missikoff 1997,
Oetting et al. 2011, or Oetting et al. 2013), and resolve conflicts through the development of
different conflict resolution alternatives. Regardless of the conflict type being addressed these
approaches requireevaluation functions specifically tailored to assess theresolution alternatives,
supporting the selection of one of the alternatives, as the proposed solution. As clearly pointed out
in Stelzer (2016), securing the means to conduct an objective assessment of the alternatives is a
critical aspect for ensuring the proficiency of the CDCR process.

After an exploration of the different CDCR models, a broad range of potential determining
variables within a resolution alternative can be considered to conduct their assessment. The
considered determining variables reflect the local or global influence of the conflict resolution
alternative within the operating situation. The features which have been most utilized for
assessment purposes are

1 The waiting times introduced by the resolution alternative (local ly), the overall delay
induced in the system (globally) or expected relative-time changes on every train
(globally).

1 Potentially induced waiting times due to follow -up conflicts with third trains (locally) or
the changes in the projected operating situation (globally)

1 Changes in platform tracks calibrated as waiting time equivalent penalties (locally)

Once these features are systematized in determining variablesthey are weighted so that they can

be compared with each other, constituting a modular evaluation function. In order to make the
evaluation of the determining variables comparable, they must be conducted or expressed from a
temporal viewpoint (i.e. expressed in minutes or seconds). The weighting of the determining
variables can be conducted in corr&qjn ml bcl ac rm rfc _nnpm_afcq%®%
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dispatching objectives or rules), for example, Jacobs (2004) or Oetting et al. (2011) utilize train
categories to derive the weight of the determining variables.

The approach introduced by DB Netz (2017) describes a framework to conduct the assessment of
conflict resolution alternatives developed to address disturbed operationsas part of a decision
support system for dispatchers in reattime. The framework has, at its core, a modular evaluation
function that includes three determining variables as the one proposed Oetting et al. (2013),
namely, the expected relative-time changes, changes in the projected operating situation and
changes in platform tracks. The evaluation function and its respective determning variables (O ¢
are weighted and additively linked , as introduced in equation 2.8.

o'y 0 20®m cqy

Equation 2.8, generalizes the assessment framework introduced in DB N& (2017); where the
evaluation rate O "Yof a conflict resolution alternative is ascertained by the sum of three weighted
0 determining variables O w

Within the framework introduced in DB Netz (2017), the means to ascertain and weight the
expected relative-time changes are of particularly significate. Overall, the expected relativetime
of a train is ascertained through a difference between its projected time (actual time) 0

and its scheduled time 0 (DB Netz RIL-420 2017). This expected relativetime Yo is
ascertained as generalized in equation 29.

Yo 0 o N
The same principles are extended to ascertain the expected relativéime product of the
implementation of a conflict resolution alternative , as generalized in equation 2.10.

Yo o o CH T
Finally, the expected relative-time changes are ascertained as detailed in equation 2.1, which
results from a difference between equation 2.10 and equation 2.9 (DB Netz 2017).

Yo Yo Yo P p
Gl pcesj _p mncp _r gtimeigprojectédd@and measuget &drgss a serjes of mptiorrs
throughout its scheduled route with the purpose of ascertaining its punctuality (DB Netz RIL-420
2017). Therefore, the assessment of the conflict resolution alternativestakes place on the basis of
the relative-time changes determinedthroughout a r p _ celategtime measuring points.

The assessment framework introduced in DB Netz (2017) foresees the weighting of the already
ascertained relativetime changes Yo  with respect to the dispatching objectives and rules
applicable during disturbed operations as foreseen in their implementing filed (see DB Netz RIL-
420 2017).

The German infrastructure manager guideline DB Netz RIL:420 (2017) outlines that i n case of
divergencesfrom the schedule (i.e. disturbed operations) the central dispatching objective is the
reinstitution of the original schedule, where the following dispatching rules apply (DB Netz RIL-
420 2017 as referenced in DB Netz 2017):
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1. Emergencytrains have priority over all trains

2. Trains on expresspassengerslots have priority over all trains except emergency trains.
Deviations from the rule are regulated by the network coordinator.

3. Trains on Expressfreight slots have priority over all trains except emergency trains and
trains on Expresspassenger slots. Deviations from the rule are regulated by the
network coordinator.

4. Trains not mentioned separately under points 1 to 3 are essentially equivalent to each
other.

5. For equivalent trains, faster trains always have priority over slower-moving trains (i.e.
cruising speed).

6. Trains on special railways (e.g. commuter railway trains) take precedence over other
trains on these routes, provided they provide transport services for which the special
railways are designated. Exceptions to thisrule are emergency trains

The DB Netz (2017) assessment framework finally weights the changes in the expected relative
rgkc af _lecqg dmp _ rp_gl rfpmsef _ ucgefrglye
and its delay before and after the projected implementation of the conflict resolution alternative
in concordance with the dispatching objectives and rules. The implemented weighting function
values trains according to the amount of delay they carry and their priority as detailed by the
dispatching rules. For example, a change in the relativetime of plus five minutes would be weight
much higher for a train on an Expresspassenger slot that is close to being punctual (e.g. a delay
of two minutes) than that of a non-express freight train that was already delayed for fifteen
minutes before the implementation of the measure.

Summary

Through all discussedCDCR approaches, both planning and the monitoring of realtime operations
can be successfully supported. These approaches provide with flexibility as they can be
systematically coupled with different other methods to provide a robust evaluation framework.
Nonetheless, across both reviewed clusters (i.e. optimization and heuristicbased approaches)
there is very limited literature that supports the handling of more than one of the four conflict
types at the same time.

At the planning level, existing CDCR approaches allow concentrating on specific operational
processes (e.g. planning of vehicle circulation, phnning of train connections) and their respective
constraints so as to supportthe specific planning task (e.g. construction of the schedule, planning
of circulation plans). As a result, the existing processes permit to highlight required modifications
to the operating programs and derive a conflict-free schedule through, for example, the
introduction of planned waiting times and or transition between train services.

During real-time operations, the discussed CDCRipproachesalso allow managing and monitor ing
specific operating situations (e.g. train connections, end-of-day imbalances), however, in this case
they rely on the existing schedules and circulation plans as a framework. Overall, the existing
models could improve the efficiency and effectivenessof dispatching tasks since they allow a more
detailed, less subjective, and uniformed dispatching process. As a result, thexisting proceses
permit a swift draft of potential resolution alternatives to address trains affected by a disturbance,
ultimately , appointing non-scheduled waiting times or introducing modifications to the circulation
plans, etc.
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2.2.4. Methods for Performance Evaluation

As explained in Hansen and Pachl 8Performance evaluation consist of a model of factors influencing
the effect of railtransport by means of criteria and representative indicators. A comparison is made
with reference to some subjective or valid standards for a given period of ti@014, p.275). It is
particularly important to clarify further that while the utilized standards can be subjective or
generally valid (e.g. punctuality of trains, punctuality of passengers orcapacity consumption), they
embody the quality of service, which is to be achievedby the railway operations.

The central objective of performance evaluation is to provide concreteinformation on the strengths
and weaknesses of systems and theioperating programs. Therefore, the specific parameters that
are utilized to conduct the evaluation must be carefully chosen (Vakhtel 2002). An overview of
these parameters vis-a-vis their influence on the quality of service is provided by the guideline of
the German infrastructure manager DB Netz RIL-405 (2009).

Among the available parameters, the capacity consumption” has been mostly utilized for
evaluating the performance of railway operations. Overall, capacity consumption embodies the
number of trains that utilize the infrastructure within a given time period, which allows to  clearly
locate bottlenecks and capacity reserveghroughout the network (Vakhtel 2002).

Furthermore, it has been very well documented that the higher the number of trains moving
simultaneously throughout the infrastructure, the higher the probability of hindrances during their

operations. This, in turn, leads to a higher sum of the waiting times (Schwanh&aufRer 1974, Martin
and Chu 2013, DB Netz RIL-405 2009). Figure 2.4 portrays the waiting time function, where the
sum of the waiting times is said to grow with the number of trains, converging to infinity as it

approaches the maximum or throughput capacity (Hansen and Pachl 2014).
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Figure 2.4 Relation between waiting time and capacity (Hansen and Pachl 2014, p.284)

Operations Research provides a wide range of methods that can be utilized t@valuate the railway
operations, regardless if the evaluation is performed during planning or real-time operations.
Nonetheless, due to the specific characteristic of railway infrastructures, only a few of the available
methods are suitable for determining the capacity consumption (Vakhtel 2002). For instance,
methods that conduct the evaluation based solely on deterministic principles do not take into
account the broad range of variations that take place in railway operations (e.g. variations in
journeytimesop kgl gksk fc_bu_wq' &B%?pg_|I m 0. . 6", Rm
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and random influences, stochastic models acquire particlar relevance as they allow introducing
random distributions in the evaluation (Hansen and Pachl 2014).

Accordingly, to ascertain the capacity consumption of railway infrastructures, there are three
methods that are generally utilized. Constructive methods, which are, in large part, founded over
deterministic principles; however, if required, they can be retrofitted with sto chastic attributes (i.e.
delay distributions). Stochastic models can be divided into two general methods, namely,
analytical and simulation methods (Vakhtel 2002). Each of these three methods is further
discussed throughout the following subtitles.

Constructive Methods

Constructive methods have as main focus the validation of existing schedules; mainly, through the
use of the blocking time theory (Meirich 2017). Blocking time theory has mainly been utilized to
determine the capacity consumption of the railway infrastructure (Happel 1959). Overall, in
constructive methods, the blocking time stairways and train sequences of a given schedule are
constructed to determine the capacity consumption and verify if the schedule abides with the
guality of service standards needed to be upheld.

The most recognized approach among constructive methods is the s _j j cb 8amknpc
method, which is detailed in the UIC Code-406 - Capacity (UIC 2013). The method allows
determining the capacity consumption of a specific partion of the infrastructure (i.e. link section)
within a defined time period through the compression of the blocking time stairways. To do so,
the method pushes as together as possible the constructed blocking time stairways of all trains
within the define d time period, maintaining their sequences and without inducing any occupancy
conflicts. The capacity consumption is ascertained by comparing the concatenated occupancy time
with the overall defined time period, as generalized in equation 2.12.
., 0 0
%o B

Equation 2.12 allows ascertaining the capacity consumption” as the concatenated occupancy time
0 plus some additional time 6 and divided by the defined time period 6  (UIC 2013, p.13).

The method recommends that the defined time period 6 must cover a representative portion of
the schedule thus, it should not be shorter than two hours and preferably wi thin the portion of
the schedule that covers the peak hours (UIC 2013, p.30). Furthermore, the method introduces
additional times 0 to ensure the quality of the operations. The method recommends different
ranges for the additional times, depending on the element under consideration. The values are
summarized in table 2.2, which are given as additional time rates, and specific for the
infrastructural element being evaluated (UIC 2013, p. 30).

Table 2.2 Recommended additional time rates per infrastructural element in UIC Code406 (UIC 2013, p.30; modified by
Author)

Type of Element Peak Hour Daily Period
Dedicated commuter passenger traffic 18% 43%
Link Dedicated high-speed link 33% 67%
Mixed-traffic links 33% 67%
Node Switching Zone 67% - 25%
Platform Track 150% - 100%
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The capacity consumption is then calculated as generalized in equation 2.13, which results in a

modified version of equation 2.12 and supports the introduction of additional time ra tes (in

percentage) (UIC 2013, p. 30).
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Ultimately, the method also recommends limit values for the ascertained capacity consumption,
which are summarized in table 2.3 according to the infrastructural element under consideration.
These values are classified according to general schedule characteristics and acceptable quality of
service standards(UIC 2013, p. 30-31).

Table 2.3 Recommended limits for the capacity consumption in UIC Codel06 (UIC 2013, p.3631; modified by Author)

Type of Element Peak Hour Daily Period
Dedicated commuter passenger traffic 85% 70%
Link Dedicated high-speed link 75% 60%
Mixed-traffic links 75% 60%
Node Switching Zone 60% - 80%
Platform Track 40% - 50%

Analytical Methods

Analytical methods support the evaluation of the capacity consumption and waiting times through

coefficients of variations of minimum headway times, as well as contextspecific admissible values

(Hansen and Pachl 2014). Analytical methods do not require a constructed schedule and can

perform the evaluation with information of different granularities included in the operating

program. It has been equally pointed out in the u mp i md T _ ifrecj &0. . 0" _I b B
among available analytical methods, two approaches acquire particular relevance, namely,

gueuing theory based and probabilistic approaches. Both of these approaches provide suitable

means to conduct an effectve assessment of the capacity consumption ofailway infrastructures.

i) Queuing theory based approaches

Approaches that are advanced within the framework of queuing models are mostly utilized for
planning purposes. Queuing theory based approaches permita ascertain the mean queuing
lengths and the waiting times by relating the time between successive arrivals of costumers into a
gueuing system (i.e.inter-_ pp gt _|j rgkc' _I'b rfc gwqrck%qg gcptgac

In the case of railway systens, the inter -arrival time 0 represents the time between requested train
paths through a link section of the infrastructure and the service time 6 amounts to the minimum
headway time. The variation in these two values can be subjected to different distribution functions
to account for their random occurrence, resulting in mean inter-arrival of and mean service times
o . Both of these values can be represented as rates; where the intearrival rate 1 is the inverse of
o, analogously, the service rate‘ is the inverse of of. The capacity consumption of a railway
infrastructural element (for a single-channel system) is ascertained as generalized in equation
2.14, by dividing the inter -arrival rate 1 by the service rate‘ (see Potthoff 1969, or Fischer and
Hertel 1990).
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Basedon the work of Potthoff (1969) and generalized by Fischer and Hertel (1990), the mean

waiting time df is ascertained through the use of a waiting system M/G/1/Ho, as detailed in

equation 2.15, assuming exponentially distributed interarrival times. In equation 2.15, the mean

waiting time of is computed by taking into consideration the variation in the mean service times

within the system. The mean service timed and its coefficient of variation w are ascertained

through mean minimum headway times, which can be expressed as a function of the operating
npmep_k%qg p_| bmk r piteg, ] j gmosaciacbnpmc_8gp | bmk rp
and Pachl, 2014).

o gcrz o @ B v

E
Schwanhauler (1974) proposes the introduction of train priorities , refining the approximation to

compute the coefficient of variation of the service times. Later, Wakob (1985) expanded the
approximation made by Schwanhauf3er (1974) to account for the variations in the inter -arrival

times, thus, working with a waiting sys tem G/G/1/ H. The approach introduced in Wakob (1985)
permits to derive the mean scheduled waiting times, which are then utilized as a quality parameter
to assess the performance of the railway system.

The derived scheduled waiting times for a respective number of trains can be utilized to determine

the performance of the railway system by considering the waiting time function depicted in figure
0,2, ?2gq cvnj gl cb glasthelével oflqualitd dchedlechwaiting tim@ ¥ th[s
instance- is infinitely poor in theory. If, conversely, the admissible level for scheduled waiting times is
known, a practical capacity can be specified. The admissible waiting time must be derived from the
specific transport market conditiona &0 . / 2 * n, / 02 'he Gebnarp infrastructiran j ¢ *
manager in its guideline RIL-405.0104 (DB Netz RIL-405 2009, p.19) provides with a general
framework to ascertain the admissible waiting times respective to the German transport market
conditions.

Conclusively, the performance of the system is assessed as a result of comparing the computed
mean waiting time o for a respective number of trains against an admissible mean waiting time
o derived for a context-specific optimal number of trains.

i) Probabilistic approaches

Probabilistic approaches concentrate on probabilistic distribution of delays and their propagation
throughout the network. Based on statistical information, probabilistic approaches allow an
analytical quantification of the railway performance during real -time operations.

Next, three models utilized to compute non-scheduled waiting times are discussed. The firstis a
general model used to calculate nonscheduled waiting times at junctions and switching zones
The secondis a model that focuses onlinks. The third model focusesnodes, and particularly,
platform track elements.

SchwanhaulRer (1974) provides an approach to ascertain the probability of an initial delay and
non-scheduled waiting times as a function of the distribution of original delays and exponentially
distributed buffer times. Relying on the schedule the probabilistic approach can be employed to
ascertain nonscheduled waiting times due to the threading-in of trains in links and specific routes
across switchingzones
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Carey and Kwiecidski (1994) introduce a stochastic approximation method to approach the
induced waiting times in single track operations due to variations in minimum headway and
journey times. The approach can be used to simplifyexisting simulation models or the evaluation
of capacity consumption of atrack (i.e. throughput capacity).

A model focused on the propagation of delays in railway stations has been introduced in Yuan
(2006). The stochastic model allows predicting the propagation of delay for the departure of trains
from the stations, which are expressed as dunction of the delayed arrivals and the dwelling times
in platform tracks .

Yet, the approach introduced in Schwanh&uRRer (1974), is still utilized to determine the
performance of the railway system under consideration of the waiting probability or the non -
scheduled waiting times as parameters. The waiting probability is understood in the guideline RIL-
405.0104 of the German railway infrastructure manager _ q 8 &e/pertcentage of trains that have
to wait in front of one or more obstruction pointsY - [ p & B @ -406 2009, 2238 Jown
translation]).

As with the queuing theory based approaches both of these parameters must be compared with
those that represent anadmissible level for the specific transport market conditions. Once again
the guideline DB Netz RIL-405.0104 (DB Netz RIL-405 2009, p.19; 20 and 24) serves as an
example, which provides an adept framework to ascertain the admissible non-scheduled waiting
times or waiting probabilities respective to the German transport market conditions, supporting
the evaluation of the performance.

Simulation

Simulation methods allow evaluating existing schedules and alternative operating programs
(Vakhtel 2002). Existing simulation models have also been utilized to validate the feasibility of
new operating rules and different approaches for the handling of both disturbed and disrupted
situations (Marinov et al. 2013).

Simulation models can be divided into two different categories with respect to the strategy they
utilize to perform the simulation of railway operations, namely, synchronous or asynchronous
simulations.

Asynchronous simulation approaches are conducted in different steps as trains are systematically
inserted in the simulation with respect to their pri ority. Starting with the trains with the higher
priority, trains are inserted, their conflicts are solved; this is conducted systematically until all
trains have been simulated (Hansen and Pachl 2014). Random original delays or further
disturbances are gererated by Monte-Carlo simulation approaches consequently, trains are
appointed with non -scheduled waiting timesvisat gg rfcgp npgmpgrw gl

Synchronous simulation models are conducted in one single step as trains are no longemserted
with respect to their priority. These models permit a much closer representation of the real
operating processes and much easier moddéing of random incidences during the operations
(Vakhtel 2002). In synchronous models, random original delays are generated throughout multiple

r f

simulations, | b bcj _w bggrpg srgmlg a_| ~¢ _nnmglrchb

2008).

Simulation methods permit the modelling of the operating sequences or the construction of a
schedule. Overall, they provide a broad range of outputs like: secondary delay, capacity
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consumption, waiting times due to threating -in, etc. (Hansen and Pachl 2014, DB RI405 2009).
The detail with which the outputs are acquired permits to locate them in specific locations with in
the assessed networks or certain times of day. The performance evaluation is conducted by
comparing the ascertained outputs with their predetermined admissible determining variables (as
discussed in the previous subtitle).

2.2.5. Summary

Throughout this subsedion, the foundations behind the general railway transport management,
namely, the planning and monitoring of real-time operations has been discussed. Furthermore, an
overview of the different methods, models, and approaches that constitute the railway operations
research andsupport each one of the aforementioned tasks within the management has been
presented.

Initially, the groundwork supporting the planning and monitoring of railway operations, from the
operating programs to the infrastructure modelling, has been discussed. Within these aspects,
different applications and available approaches or models that allow a much more reliable and
effective completion of tasks have been reviewed.

Subsequently, the section also provided with different outlooks on the available means to conduct
the actual planning or construction of the schedule and the monitoring during real -time

operations. The review of available models working within this level has highlighted the

complexity of the operations and the dynamic character of the management of trains throughout

a railway network. Ultimately, while the approaches and models which have been introduced thus
far support the overall management and handling of the railway operations, the discussion must
be expanded to movebeyond disturbances to include disrupted operations

2.3. Disruption -Management in Railway Operations

The disturbance-oriented models discussed throughout subsection 2.23 focus on the adjustment
of either the schedule or circulation plans within specific locations of the network (e.g. an
occupancy conflict involving two trains in a switching zone). Conversely, dealing with disruptions
requires frameworks that are able to handle much broader spatiotemporal adjustments of the
scheduled railway operations. Howeve, the existing literature does not provide with one clear
definition regarding what constitutes, or what can be considered a disruption.

One alternative is provided by JespersenGroth et al. (2009), which has also been introduced in
subsection 2.1 The authors describe disruptions in railway operations as one or a chain of events
rf _r gl rcpdcpcplanmpd dperatidnsto sgolv gnregtdatddt it renders its scheduled
operations unfeasible and must be correspondingly adjusted (JespersenGroth et al. 2009). Under
such circumstances, the management othe b ggpsnrcb mncp _r-gml ge enlpc I8rby
requires dealing with at least one of three central problems, namely, schedule adjustment, rolling
stock rescheduling and or crew rescheduling(JespersenGroth et al. 2009). Furthermore, it is also
argued that disruptions do not always render the schedule immediately unfeasible for example,
in cases where crew members are simultaneously incapacitated due to sickness (Jespers&@roth
et al. 2009, p. 402). Consequently, regardless of how swiftly a disruptive event becomes manifest,
whether gradually through time (e.g. sick personnel where services need to be systematically
cancelled) or swiftly affecting an entire section of the network (e.g. vehicle malfunction), if the
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event has a substantial effect on the operations itmay be regarded as a disruption (Jespersen
Groth et al. 2009).

A similar understanding as the one provided by JespersenGroth et al. (2009) can also be found in

the work of Nielsen et al. (2012). The author explains the difference between disruptions and
bgagr sp  _lhadsmpted git@atio®, the planned resource schedules are no longer feasible and
will have to be updated to take the actual situation into account. Disturbances, d¢ime other hand,
only need simple recovery measurggNielsen et al. 2012, p. 496).

?l mrfcp bcdgl gr gml gg npmtgbcb ~w Ampk_I|thecr ]
modification of some infrastructure characteristics, such as the temporary undeility of one or
more block sections, which causes alterations in the train travel times and rouges. &0 . / . * n, 2/

definition provided by Corman (2010), is primarily focused on the infrastructure and aligned with
the understanding utilized inthewmpi md B%?pg_I m &0. . 6" ,

Since there is no overarching characterization that allows to clearly identify a disruption of the
railway operations, infrastructure managers across the different railway systems also derive their
own understandings. For example, the German railway infrastructure manager in its guideline DB
Netz RIL-420.9001 defines disruptions as: 8§ Y - deviations from the planned operations or defined
normal conditionsp (DB Netz RIL-420 2017, p.2 [own translation] ). Furthermore, the guideline
also provides with a general list of events that have a significant impact on the railway operations
and that can be regarded as to engender a disruption in the operations(DB Netz RIL-420 2017):

Major irregularities on the tracks or on vehicles

Dangerous e/ents

Dangerous intervention in the railway operations

Strikes

Failure of Traffic Control Management components

Weather conditions (e.g. heavy snowfall, frost, heavy rainfall, heavy hail storm, floods,
etc.)

=A =4 =4 4 4 4

Although the provided list pinpoints specific events, it ought to be regarded merely as a
generalization. Nonetheless, when contrasted with the hazards displayed in figure 1.1, a much
general outlook of what constitutes a disruption can be acquired. Such contrast underscores the
fact that the railway o perations are conducted within a complex and highly interdependent critical
infrastructure.

All in all, from the different definitions that have been considered, it is possible to conclude that
disruptions are events produced due to different causes and mduce substantial changesin the
planned operations of a railway network, which ultimately need to be adjusted. The adjustment of
the disrupted operations is regarded as disruptionrmanagement including its three main tasks,
namely, schedule adjustment, rolling stock rescheduling and or crew rescheduling (Jespersen
Groth et al. 2009).

This section discusses and details the disruptiormanagement approaches most utilized to cope
with disruptions in the railway operations. Subsection 2.3.1, provides with an overview of the
existing alternatives supporting the disruption-management. Subsequently, subsections 2.3.2 and
2.3.3 provide a much more detailed discussion regarding the available alternatives and theexisting
models. Finally, a discussion and general remaks regarding the existing disruption-management
approaches are provided in subsection 2.3.4.
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2.3.1. Existing Disruption -Management Approaches

Due to the complexity of the railway network, disruption -management can be regarded as a highly
intricate problem, involving multiple stakeholders (i.e. passengers, infrastructure manager,
railway operators) (JespersenGroth et al. 2009).

The roles, responsibilities, and objectives of each of the stakeholders throughout the disruption
management have been addressed in the x@sting literature. In the work of Jespersen-Groth et al.

(2009) and Schipper and Gerrits (2018), the roles and objectives played by the infrastructure

manager and railway operators throughout the handling of the disruption are amply discussed. In
De-LosSantos et al. (2012) and Piner and Condry (2017), the discussion rather focuses on
n_qgqclecpgq% ucjd_pc* rfcgp bgddgasjrgcqg ugrfgl b
members. Finally, an overview of the interplay between all three stakehdders, including the

different communication channels throughout disruption -managementis discussed in Chu (2014).

Whereas JespersefGroth et al. (2009) provide a detailed discussion of the foundations of the three
disruption-management problems, and the nteraction between different stakeholders, no clear
objective outlining the disruption -management processes is provided. Such general objectives are
discussed by Oetting and Chu as the authors argue that dealing with disruptions in railway
operations involves three overall strategies, which need to be considered holistically (Oetting and
Chu 2013, p. 2):

1 Identifying and solving conflicts throughout the railway network before they become
manifest (involving all three disruption -management problems)

9 Mitigatin g and recovering from existing delays in the system

1 Preventing the reproduction of events which lead to delays

In their work, Oetting and Chu (2013) also establish the groundwork through which two different
approaches that support the management of disrypted operations can be derived, namely, adhoc
and planned disruption-management approaches. Such distinction has been further utilized in the
work of Schipper and Gerrits (2018), which analyses the present disruption-management
approaches and coordination structures of railway systems across five different European
countries.

In ad-hoc disruption-management, dispatchers swiftly draft and develop handling measuresthat
better fit the current operating conditions in what would amount to a bottom -up disruptio n-
management approach. Dispatchers address the disrupted operations predominantly based on
their experience and partly guided by general dispatching rules and objectives detailed within a
valid guideline (Schipper and Gerrits 2018). For example, guideline DB Netz RIL-420 (2017)
introduced by the German infrastructure manager (DB Netz), outlines two dispatching objectives
for the handling of disrupted operations ( DB Netz RIL-420 2013):

1 Maximum utilization of capacity across nodes and links
9 Fastest possible estoration of the scheduled operations

In planned disruption -management, dispatchers utilize ready-to-use programs that have been pre
emptively established and verified in order to address a specific disrupted scenario (Oetting and
Chu, 2013). Commonly referred to as Disruption Programs (DRPSs) or contingency plans, these
entail a series oftested measuresexplicitly developed to address the disrupted operations, reducing
the bggn_rafcpq% pc_ar gml rgkc _ | b -ntahagempny DRPs _ | ¢
include, among other things, a detailed guideline for the operational handling of every affected
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line (e.g. services to cancel, turning stations, deviation points), passenger transport replacement
strategies and communication protocols (Chu and Oetting 2013).

To date, there is substantial literature , which explicitly engageswith disruption-management and

that can be categorized within one of the two overall approaches. The available models address
the disruption-managementproblems to very different extents and utilizing various methods. The

following subsections 2.3.2 and 2.3.3 provide a general discussion on the existing structures
behind both ad-hoc and planned disruption-management principles as well as the most relevant
models developed for both goproaches.

2.3.2. Ad-hoc Disruption -Management

Basic Principles

Within ad -hoc disruption-management approaches, dispatchers draft general handling strategies
to address specific conflicts and subsequently implement a series of spatiotemporal modifications
to the train services which are affected. Throughout the adhoc disruption-management process
dispatchers address conflicts across all four fundamental conflict types (see subsection 2.2.3) while
simultaneously handle all three disruption-management problems,developing and implementing
different dispatching measures as swiftly possible. Overall, the management of the situation is
predominantly directed towards fulfilling the system -specific dispatching objectives for disrupted
operations, as well as limiting any further modifications of the rolling stock circulation plans and
crew schedules (Corman et al. 2011).

Additionally, due to the extensive variation from the planned operations caused by the disruption,

dispatchers have fewer constraints to implement a much ample array of measures, when compared
to the ones utilized to develop the elemental conflict resolution alternatives in the models

discussed in subsection 2.2.3. For example, during a disruption, it is common for a dispatcher to
deviate trains along completely different route s across the network to overcome the disrupted
section or perform a systematic cancellation or early turn of train services (Corman et al. 2011).
Therefore, while in ad-hoc disruption-management there is ample room for improvisation and the

discretionary adjustment of the planned operations, the urgency to restore the planned operation
and the overall complexity of the problem makes such efforts a very complex task (Schipper and
Gerrits 2018). The complexity of the problem refers to the wide range of decisionsthat a dispatcher
must take within a very reduced time while making sure that these are communicated to the
respective members of the staff (e.g. drivers).

The main disadvantage of adhoc approachesentails how subjective it is to the capabilities of
dispatchers and the systemspecific coordination structure. Whereas within an ad-hoc approach
the general disruption-management strategy and the specific measures must be improvised and
swiftly developed, these local decisions, which require to be transferred to different actors, not
always lead to an improvement of the operations (Schipper and Gerrits 2018). Such circumstances
become morechallenging to handle if decisions are notbeing supported by a system, as it becomes
problematic for dispatchers to foresee the actual effectiveness and impact of their response on the
actual operations. Altogether the aforementioned shortcomings may curtail the quality of the
solutions and in due course, the effective management of the disrupton.

Current research has focused on the development of reatime decision-support systems aimed at
permitting dispatchers to develop much more comprehensivestrategies and measures, as well as
supporting their ability to coordinate the response between different actors. These models are
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discussed in the following subtitles and described for every disruptionr-management problem
individually .

Scheduling Adjustment (Rescheduling)

Models framed within ad-hoc principles adjust the existing schedule by following general
dispatching rules or operational constraints (i.e. minimum headways). The schedule adjustment is
performed in correspondence to the actual operating situation of the network, including the
infrastructure availability (Jespersen-Groth et al. 2009). Ultimately, it must be considered that the

schedule adjustment is a very complex problem, knowntoNRf _pb &B%?pg_I m 0. . 6" ,

Acuia-Agost (2009) introduced a rescheduling approach that supports the spatiotemporal
adjustment of the schedule by means of two diferent approaches, namely, a mixedinteger linear
program and constraint programming. The approach relies on a rightshift rescheduling heuristic
to establish an initial solution, which is later enhanced by the exact methods. The right-shift
rescheduling heuristic ascertains an initial solution of poor quality by maintaining the original
schedule, thus, forbidding unplanned stops, maintaining the allocation of routes and platform
tracks, as well as the order of trains in links and nodes. The overall goal & to adjust the schedule
by minimizing the difference to the original plan. The approach relies on an objective function that
penalizes delays, changes in platform tracks as well as track elements in links, and unplanned
stops.

Coreman et al. (2010) introduce a system that is set to enhance the decisiosupport system
npmnmqgchb gl B»%?pg_Im &0..6"'"* wufgaf f_q "~ ccl _bt
system allows managing the interaction between different dispatchers and permits them to
exchange and coordinate the development of different conflict resolution alternatives. The
introduced system utilizes a microscopic model of the infrastructure and adjusts the schedule

through the implementation of both heuristic (based on dispatching rules) and exact methods (the
rpsla_rcb " p_laf "mslb _jempgrfk glrpmbsach gl E
the coordination system is further advanced to allow the introduction of constraints between the
coordinated areas, which further enhance the quality of the conflict resolution alternatives

proposed to the dispatchers. However, since the system has been desighed based on axisting
decisionsupport system targeted at dealing with disturbed operations, its capability to deal with

actual disruptions is relatively limited .

Louwerse and Huisman (2014), propose a model utilizing mixed-integer linear programming
based on eventactivity networks to adjust an existing schedule to fit the disrupted situation. The
dispatching measures used to adjust the schedie include: the cancelling of train services, the
delaying of a train and the early turning of a train. The model relies on macroscopic infrastructural
models and includes some limited aspects of the circulation plan adjustment, as it attempts to
balance the existing rolling stock flow in each direction. Finally, its objective function is aimed at
minimizing the number of cancelled trains and accumulated delay among all trains in operation.

Veelenturf et al. (2016), building on the model introduced by Louwerse and Huisman (2014),
propose a similar rescheduling approach, which also strives to minimize the overall delay and the
cancellation of services for the adjustment of the schedule. However, their model is able to consider
the transition between the origi nal and the adjusted schedule, while it allows for a wider rerouting
of trains across the network. It does this by expanding the adjustment of the circulation plan
through the inclusion of an inventory of the rolling stock at the terminal stations (i.e. av ailability
of vehicles at the shunting tracks within the stations).
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Ghaemi et al. (2017), present a model employing exact methods to adjust the original schedule

and develop a feasible disrupted schedule by relying on an early turning or as is referred toby the
authors a "shortturning” of trains, the cancelling and rerouting of trains across the last two
technically feasible turning stations before the disrupted section. Expanding on the observations
made by Chu and Oetting (2013), the authors highlight t he importance of a systematic early
turning of trains, which adeptly deals with capacity limitations. Furthermore, the rerouting and
rescheduling of the trains are conducted through a mixed-integer linear programming model based

on microscopic moddling of the infrastructure. However, it does not explicitly include any
_bhsgrkclr ml rfc _ddcarcb rp_glg% agpasj _r gml
seeks to minimize the generated delay and the number of cancdkd services.

An early version of the above-discussed model was presented by Ghaemi et al. (2016), which has
been later extended in Ghaemi et al. (2018a). In this version, a macroscopic infrastructure
modelling is utilized, which computes the arrivals and departures of trains along their routes and
maintains a fixed train order. The schedule adjustmert is still conducted by a mixed-integer linear
programming model and an objective function that penalizes the delay and cancellation of services.
However, by keeping a macroscopic scope, theuthors claim that they can project the disruption
length, evaluate the passenger delays, and consider the flow of trains on both sides of the
disruption.

Ghaemi et al. (2018b) propose an approach that deals with three different tasks within the
schedule adjustment, namely, estimating the disruption length, adjusting the schedule in respect
to the estimated disruption length and measuring the passenger delay generated by the adjusted
schedule. The approach is constituted by three different models, each ddressing one of the tasks
and assembled in series in the order in which they have been listed. Initially, the disruption length
is projected through the probabilistic distribution length model proposed in Zilko et al. (2016),
which utilizes Bayesian copula networks to model the disruption length. The schedule adjustment
is performed through the model proposed by Ghaemi et al. (2016). Finally, the induced passenger
delays are ascertained through a newly proposed multinomial logit choice model that permits to
~nnpm_af rfc n_qgqclecpqgq% af mqgecl pmsrcqg _I b rfc
With this information, the passenger delay induced by the adjusted schedule can be estimated

Rolling Stock Rescheduling

The rolling stock rescheduling entails the adjustment of the circulation plans of vehicle and vehicle
compositions, as was the case during the handling of disturbances. However, in the specific case
of disrupted operations, the rescheduling or scheduling of new shunting movements as well as
dealing with end-of-day imbalances plays a much more relevant role (JespersenGroth et al.
2009). Furthermore, it must be noted that available models are advanced along with the
assumption that the schedule has already been adjusted, constituting an inptifor the adjustment
of the circulation plans (Nielsen 2011, JespersenGroth et al. 2009).

Nielsen (2011) retrofitted the short -term rolling stock rescheduling model introduced in Fioole et
al. (2006) and made it capable of dealing with disrupted operation s. The authors considered that
the adjusted schedule as input and introduced a more comprehensive set of different parameters
into the structure presented by Fioole et al. (2006). The enhanced model not only supports the
coupling and decoupling of vehicles and vehicle compositions but also supports the cancellation
of train services, as foreseen by the adjusted schedule. Furthermore, the model also supports
performing end-of-day inventories at end stations to ascertain the induced endof-day imbalances
product of the modification of the circulation plans. The model is formulated as an integer linear
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programming problem with an objective function that seeks to limit changes in the originally
planned circulations between vehicles, the shortage of seats in thecheduled train services and the
need to reschedule shunting operations due to endof-day imbalances. The model has been further
modified in Nielsen et al. (2012), where the authors introduce a rolling horizon approach to deal
with uncertainties such as the schedule adjustment and the disruption length. The authors also
consider the adjusted schedule as an input, which is revised as time progresses and rolling stock
decisions are only executed if they are within a certain time horizon.

Kroon et al. (2015) extended the model introduced in Nielsen et al. (2012) to include passenger
demand. The approach relies as input on the adjusted schedule and circulation plans ascertained
as in Nielsen et al. (2012) and models passenger flows to modify the circulation plans once again.
Passenger flows are modHed off-line, distinguishing between passenger groups through an event
graph network and a situational heuristic algorithm. The mode lled passenger flows are inserted in
the existing model to optimize the circulation p lan once again, which ultimately results in a two -
stage feedback loop.

Lusby et al. (2017) propose a model to adjust the circulation plan of vehicles and vehicle
compositions utilizing a branch and price algorithm solved through an integer linear prog ram. The
model allows adjusting the circulation plans of vehicles between train services while taking into
consideration the coupling and decoupling of vehicles as well as maintenance restrictions. The
model penalizes the induced endof-day imbalances and doesnot engage with the rescheduling of
shunting operations.

Wagenaar et al. (2017) extended the model introduced in Nielsen (2011) to account for passenger
demand and the utilization of dead -headed trips. In their approach, the authors propose a mixed

integer linear program and modelling of passengers' flows to approach the adjusted demand during
the disruption. The objective function utilized to solve the linear program seeks to limit changes

in the originally planned circulation between vehicles, the seat Bortage in the scheduled train

services, the need to reschedule shunting operations utilizing the endof-day imbalance inventory,

the number of dead-heading trips in the schedule and the total passenger delay

Crew Rescheduling

The crew reschedulingentaj g rfc _bhsgrkclr md rfc apcu kck c
service can be allocated the required personnel. For this task, it is necessary to count with the

already adjusted schedule and circulation plans to acknowledge the specific number of driwers and

onboard staff to be assigned to each rescheduled train service (Jesperse@roth et al. 2009).

Potthoff et al. (2010) address the crew rescheduling as a set partitioning problem with side
constraints and where different train services may be coveredby more than one crew duty (the
model supports only drivers). Initially, a starting core problem is derived, in which all unfeasible
and candidate crew duties are solved. It is possible that some train services canot be appointed
with a crew duty; in th is case, a new core problem is derived. The new core problem constitutes a
neighbourhood of other crew duties that may cover the conflicting train service. The core problems
are explored utilizing a column generation heuristic, which has feasible solutions derived using a
greedy algorithm.

Veelenturf et al. (2012) expanded the model proposed by Potthoff et al. (2010) to support the
capability of delaying the departure of some train services. The user can adjust the amount of delay

Page4l



introduced to the train s ervices, allowing the existing approach to adjust the crew schedules with
much more flexibility , thus, find much more reasonable solutions

Models Addressing Multiple Disruption -Management Problems

While the main objective of the models discussedthus far has been the specific handling of one of
the three disruption-management problems models that address more than one of the three
disruption-management problems simultaneously are fairly available.

Fekete et al. (2011) introduced an approach to deal with both the adjustment of the schedule and
circulation plans of vehicles and vehicle compositions. The model is generalized to be implemented
across any kind ofrail -based transportation, including subway and light rail networks. The railway
network is modelled through an event-activity network, which supports the simultaneous
adjustment of the schedule and circulation plans. The model is solved through an integer linear
program with an objective function that seeks to maximize the number of train services and
minimize the delay, the early turning of trains and the removal of trains out of the system.

Cadarso et al. (2013) introduce a two-step modelthat supports the schedule and circulation plan
adjustment, while it also includes an approach to accountforn _ q g c | e ¢ puy. %aitiallygthe t g m
schedule and circulation plans are adjusted through a mixedinteger linear program, which is
advanced to perform the adjustment within a given planning period that takes into account the
disruption length and a recovery phase. Later, utilizing a multinomi al logit model to model the
n_qqgqcl ecpq% “denfandtof thes adjusted $chedule and circulation plans can be
ascertained. Ultimately, the utilized objective function seeks to minimize the operating cost per
kilometre, the operating costs of empty movements alterations of vehicle compositions, train
service cancellations, insufficient seating availability and the utilization of different vehicle
compositions for specific train services.

Dollevoet et al. (2017) introduce an iterative rescheduling framework, which permits to deal with
all three disruption -management problems. The model merges threeexisting rescheduling models,
which are organized in an iterative modular structure. At the outset, the adjustment of t he schedule
is conducted through the approach introduced in Veelenturf et al. (201 6). Subsequently, the model
proposed in Nielsen et al. (2012) is incorporated to perform the rescheduling of the rolling stock
and, ultimately, the model detailed in Veelenturf et al. (2012) is in charge of crew rescheduling.
In the proposed iterative framework, the models supporting the adjustment of the schedule and
circulation plans are first executed in series (i.e. first the schedule adjustment), where there is a
feedbackloop between these two tasks. Finally, the crew rescheduling is executedand a feedback
loop with the previous two models is also considered.

Discussion

Throughout this subsection, a series of different models that allow addressing one or more of the
disruption-managements problems have been discussed. The discussed models are based on ad
hoc principles as they generate a solution from the bottomup without incorporating information
contained from DRP, regardless of their availability.

Most of the discussed models address oneadefinite disruption -management problem through
optimization approaches and incorporating exact methods (e.g. linear programming). Just as with
CDCR processes based on optimization approaches (see subsection 2.2.3), whidxisting models
are able to uphold the quality of their solutions, they are forced to make certain generalizations.
Within disrupted operations, the best example of such generalization might be the need to either
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of the schedule as inGhaemi et al. (2017) or by considering the adjustment of the circulation plan
as inherently dependent of the adjustment of the schedule as inNielsen et al. (2012) or Dollevoet
et al. (2017).

As a result, a very limited amount implement heuristics approaches despite the complexity of the
problems or provide an overarching framework to systematically address more multiple problems
at the same time. Dollevoet et al. (2017) point out that despite an explicit recognition of
researchers and practitioners of the need to put forward overarching approaches, there remains a
lack of methods that effectively and systematically address all disruptionrmanagement problems
or even try to align existing models for this purpose.

2.3.3. Planned Disruption -Management --Disruption Programs (DRPS)

Basic Principles

Overall, DRPs are predefined programs that contain a series of dispatching decisions, simplifying
the work of dispatchers during the disruption -management (Brauner 2019). Like any other P&P
strategy (see subsection 1.2), DRPs provide with the necessary means to upholche continuous
service of the system, allowing it to adapt to a degraded situation while upholding as many of its
capabilities as possible.

Altogether, DRPscan be implemented in different contexts (e.g. long-distance railway operations,
medium or regional railway operations, etc.) and are increasingly being recognized as the
foundation of robust rail way services (Christoforou & al. 2016). For example, in the case of
commuter railway networks, DRPs constituteprominent tools as they allow for safeguarding the
welfare of an ample number of users from disruptionsin their operations. Their proficiency is such
that operators throughout many differe nt European railway systems (i.e. Switzerland, Germany,
and the Netherlands) have started benefiting from their development (Nielsen et al. 2012, Chu
and Oetting, 2013).

tcfg

BPN%q k_gljw dslargml _q b_kncpg ml rfé&i pmmagbj w
cddcarqu' sl af _glcb ~w bgrgfpesngwyomt gk %d bmmd T grpg lgek

passengeq % u qGhdstofprou et al. 2016). They provide with a clear outline with aline-specific
granularity of the operational as well as passerger transport-related measures that need to be
implemented for an effective and prompt response to the occurred event. Furthermore, DRPs also
provide with a road map supporting the communication between all the stakeholders, thus,
facilitating the understanding and the flow of information (Chu et al. 2012). Ultimately, as a
repository of already tested strategies, DRPs reduce the amount of adhoc dispatching decisions
that need to be developed, decreasing the workload of dispatchers and simplifying the expbration
of context-specific measures.

The line-specific measures that constitute the DRPs are developed for a standard disrupted scenario
and address, on the one hand, the disrupted railway operations, and on the other hand, the
affected passenger transpot capabilities of the system (Chu et al. 2012). The subset of measures

msrjglgle rfc mtcp_jj grp_rcew rf r bc jg wugrf

Mncp _rgle Amlacnr y, BPN mncp_rgle amlacnr g,
deviating) for every line in the railway network that allow s dispatchers to address the reduced
infrastructure availability, mainly by reducing the capacity consumption around the disrupted area
(Brauner and Oetting 2019). The subset of measures that outine the strategy to deal with the
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reduce serviceability of the systemispce _pbcb _q rfc 8§BPN Rp_lgnmpr A
concepts consist of passenger transport compensation measures (i.e. rerouting passengers to other

transport means) explicitty dc ggel cb rm snfmjb rfc n_qgqclecpq% rop
railway network or relying on external systems (e.g. public transport systems) (Brauner and

Oetting 2019).

Furthermore, the implementation of a planned disruption -management approach has leen adeptly
described by Chu et al. (2012) as a sequential process summarized in five phases. The five phases
are displayed in figure 2.5.

4 disruption occurs | DRP declared | | DRP reaches steady state | X disruption ends | DRP withdrawn end of DRP/
. schedules restored
transition to steady
investigation and operations returning to regular
| decision taking during disruption steady operations during disruption regular operations operations
|
L ,chaotic” phase J
o — = — —— — —

Figure 2.5 Phases of the planned Disruptionmanagement approach (Chu and Fornauf 2011, as cited in Chu and
Oetting 2013)

The implementation of DRPs stars with the occurrence of a disruption. Immediately, an
investigation and decision-making phase comes into effect, where the dispatchers and the
personnel investigate the situation and evaluate the measures which need to be implemented
(Oetting and Chu 2013). The investigation phase results in the declaration of the DRP that better
resembles the actual operating situation from the set of DRPs that are available for the speific
railway network. Once the DRP is declared, the actual operating situation of the network must be
manually transitioned to match the operations foresaw in the DRP operating concept, ultimately
reaching stability within the degraded condition. A DRP is said to have reached stability once all
trains find themselves on their line-specific pre-defined routes, and the pre-defined number of
trains circulates in the system reliably without accumulating delay (i.e. with the punctuality of
regular operations) (Oetting and Chu 2013, Brauner 2019). The period between the disruption
f g r _icl nj _ac sl rgj rfc BPN f _q pc_afcb qr _"gjog
is regarded as being chaotic since uncertain and contradictory information isstill being exchanged
by the different stakeholders (Chu 2014). Finally, after the cause of the disruption has been
overcome, the DRP is withdrawn, and the system can return to its originally planned operations.

To secure an effective and efficient disruptionrmanagement, the transition to stable operations is
of particular importance (see figure 2.5). In due course, the earlier the DRP is able to reach
stability, the better the operational quality of the DRP as a whole (Oetting and Chu 2013).

Oetting and Chu (2013) provide with a thorough description of what influences the transitional
phase within the context of commuter railway networks and, ultimately, provide with a series of
recommendations for improving the transition to stable operations. The recognized influences on
the transition phase can be summarized in three categories, namely, external factors (e.g. location
of the disruption), internal factors (e.g. coordination structure) and resources (e.g. availability of
additional vehicles, available infrastructure for turning and parking trains) (Oetting and Chu 2013,
p.4-5). To deal with the shortcomings, the authors provide four punctual recommendations for
improving the transition to stable operations (Oetting and Chu 2013, p.15-17):

1. Choice of turning statiors: at the early moments of the disruption, there might be a large
number of trains queuing in the area near the disruption (i.e. critical area). At the
beginning of the transition phase and in order to dissolve the queue, trains must be
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systematically turned throughout different stations (regardless if they have reached the
stations appointed by their DRPs) where a change in direction is technically feasible (i.e.
turning station). By dissolving the queue, the delay in the system can be reduced and the
netu mpi %q rp_I|l ggr gml rm qr _ " gjgrw k_w " c
also become relevant during the development of the DRPs, where the appointment of
turning stations for every line can be verified so as to ensure that queuing does not becme
predominant within the designed DRP. Such verification must ensure that the arrival rate
of trains to the turning station (particularly turning stations in the critical area) is less than
the average service time at the station (i.e. time required to turn the trains at the given
station).

Limiting delay propagation in turning stations during the transition to stability , itis difficult
to first select a turning station for queuing trains, and second, select the bestpossible train
service to be appointed after a train has beenturned at the selected station. The train
service that is appointed to the train after its turn at the selected turning station would
determine if the train is delayed or not, and potentially, the magnitude of the delay with
which the train would start its service. Therefore, an effective way to prevent delay
propagation can be achieved byproviding with structured starting times for trains at the
DRP turning stations. However, since trairs from different lines may turn at the same
turning station , the starting times must be allocated atseparated platform tracks in a line-
specific manner.

Improving operating procedures during the transition phasesince DRP must be deployed
manually to the actual operating situation, dispatchers must still take some ad-hoc
decisions (e.g. choose appropriate turning stations to dissolve the train queue). Therefore,
decision guidelines and protocols that support dispatchers selecting appropriate
dispatching measures would be utterly beneficial to guarantee a much uniformed
transition of the network to stable operations.

Communication processes during the disruptionvhile existing communication structures
and guidelines are already developing together with DRPs, these can be extended to
support the coordination capabilities between staff members during the transitional phase.
If the solution for the specific problems can be agreed and communicated effectively and
efficiently amongst all the relevant personnel, train queues near the disrupted section can
be dissolved much faster and less additional dispatching tasks are necessary.

Due to their inherent nature as P&P strategy, planned disruptionrmanagement approaches can be
divided into a planning or development phase and a deployment phase (see subsectioh.2). Each
of these phases is also projected into both the DRP operating and transport conceptsas depicted

in figure 2.6.

Operating Concept

Transport Concept

Development

Evaluation of DRPs based on the

Validation of DRPs ba®d on their

Phase transitional phase transport concept
Deployment of the DRP on the actual | Deployment of the transport concept on
Deployment operating situation the actual passengerflow and behaviour
Phase

Deployment of the DRP on the actual
infrastructure availability

Deployment of the transport concept on
the actual availability of alternatives

Figure 2.6 Phases within planned disruptionrmanagement (by author)
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Within each of the phases detailed in figure 2.6, relevant tasks haw been positively derived (see
also Brauner and Oetting 2019).

The following subtitles provide a detailed description of the tasks within the development and
deployment phases and an overview of available tools and approaches to fulfill the detailed tasks

Development of DRPs

The development of DRPs has been generalized as a sequential process. First, the operating
concepts are developed, and later, the transport concepts are tailored to the specific needs of the
operating concept (Chu et al. 2012).

Chu et al. (2012) provide a methodological framework supporting the manual development of the

operating and transport concepts utilizing operational measureslike the ones detailed in table 2.4.

The measures detailed in table 2.4 allow addressing a complete or partial blockage (i.e. single

track operations) of the infrastructure. The methodological framework has been established

through _ | cvrclggtc e_rfcpgle md bgqgn_r afaondigintv amj j ¢ a
utilized as guideline for the manual development of DRPs throughout a broad range of German

railway networks In overall, the methodological framework addresses the actual developmental

aspects (see figure 2.6) of both transport and operating concepts and foresees the utilization of

workshops and professional supervision to generate as well as evaluate the feasibility of DRPs.

The framework proposed in Chu et al. (2012) is complemented by Chu (2014) with an approach
that allows a much detailed evaluation of the DRP operating concepts. The evaluabn of the
operating concepts concentrates on ascertaining the capacity consumption at turning stations
during the transition phase. In the approach, the capacity consumption is ascertained through
constructive methods, implementing principles from the UIC Code406 (UIC 2013) and
introducing stochastic parameters to approach the actual blocking time of trains at platform tracks
during a disruption. The stochastic parameters have been established through a detailed statistical
analysis ofthe actual blocking time of the platform tracks at turning stations during disruptions of
commuter railway lines in two different cities. The analysis distinguished between turns conducted
with one and with two drivers and established specific temporal supplements that can be added to
minimum turning times. The resulting time supplements for trains are as follows (Chu 2014,
p.103):

1 To cover for 90% of the studied cases, thesupplement value to the minimum turning time
should be 3 minutes regardless of the number of drivers awailable on the train (up to 2).

1 To cover 95% of the studied cases,the supplement value to the minimum turning time
should be 6 minutes regardless of the number of drivers availableon the train (up to 2).
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Table 2.4 List of all elemental dispatching measures available for the development of DRPs (Chu et al. 2012, Chu and
Oetting 2013, Oetting and Chu 2012, and Brauner 2019)

Category Measure
Deviation: the route of a specific train service or all train services of a given

A line are deviated through a completely different route.

@

c% Reroute: the route of a specific train service or all train services of a given
line through specific nodes are modified (lines normally utilized in the
opposite direction may also be used).

Total cancellation: all train services of a given line are cancelled.
Partial cancellation: the lines are appointed with one DRP turning station;
this entails that only one section of the line and one of the original end

-;E’ stations are served.

<

= Partial cancellation with replacement: the line is appointed with two DRP

g turning stations, one on each side of the disruption; this entails that the

Operational -% portion of the line between the two DRP turnin g stations is not served.
. =]
(Train run 3 Deviation with replacement: the route of a specific train service or the entire
Related) o line are deviated through a completely different route ; furthermore, a DRP
turning station is appointed outside of the original route. The section
between the deviation point and one of the two original end stations of the
line is not served.
5 Cancellation of stops: certain stopping locations (including platform tracks)
@ :E of a specific train service or all train services of a givenline are cancelled
T ‘g
o 2 " " : . " . .
5 F Additional stops: additional stopping locations of a specific train service or
c . . . . .
= all train services of a given line are appointed
=5 Modification of vehicle compositions: vehicle compositions appointed to two
-% % ;E’ different train services can be coupled or decoupled
S o8 - - ) . . .
$ S F | Modification of the service interval of a line: specific train services of a given
c . . .
e = line are cancelled, or new services are introduced
T O To different railway services (regional, long-distance
Transport _c'g = y (reg 9 )
(Passenger £ § To different means of public transport (Bus, Subway, Trams, etc.)
Related) 28 : ) ) ,
£ Alternative replacement services (emergency bus services, taxis)

Brauner (2019) establishes an evaluation algorithm with general validity intended for supporting
a semrautomated assessment of DRP operating concepts for commuter railway networks.
Conceived as a modular structure with adjustable evaluating restrictions and standards, the
evaluation algorithm is based on the work of Chu et al. (2012) and Chu (2014). The proposed
modular structure foresees an iterative verification of the DRP operation concept by first verifying
its functionality, and later, its feasibility. The functionality of the operating concept is verified
within the st able phase by examining the following features (Brauner 2019, p.23):

1 Thetechnical, operational and traffic -oriented feasibility of measures appointed to a given
train or line (see table 2.4) and determined via hard and soft exclusion criteria

1 The functionality of a measure throughout each one of its application locations in the
network during the stable operations (e.g. capacity consumption of platform tracks in
turning stations)
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1 The variation in blocking times across different parts of the route, this is particularly the
case, whendisruptions result in a partial blockage of a section(i.e. single-track operation)

Oncethe algorithm verified the functionality of the operating concept, its operational feasibility is
verified. The operational feasibility is verified by corroborating that the operating concept is, first,

able to transition the system to stable operations, and second, the duration until stability is finally
reached. The transition phase is verified following a similar approach as the one in Chu(2014),
utilizing constructive methods supported by stochastic parameters. However, in this case the
approach focuses on two critical components, namely, the time until the pre-defined number of

trains circulating in the network is reached and the time r equired to reduce the delay of trains
gueuing near the disrupted section. The approach introduced in Brauner (2019), ultimately sets

rfc epmsl bumpi dmp rfc &n_prg_j' _srmk _r gml md

Brauner and Oetting (2019) extend the evaluation algorith m introduced in Brauner (2019) to
include the transport concept in the validation of the DRP. The algorithm includes a feedback loop
where the transport concept is first developed onthe basis of the operating concept. Later, the
whole DRP is validated bagd on the quality of service that is offered to the passengers as a
combination of both concepts. The transport concept is developed utilizing a heuristic CDCR
approach as the ones discussed in subsection 2.2.3. Initially, the broken passenger travel chain
are identified (based on the operating concept), as conflicts, and different resolution alternatives
are explored by utilizing transport measures similar to the ones detailed in table 2.4. The
exploration of solutions is conducted by detecting generally viable travel connections corridors
inside (e.g. other railway passenger services) and outside of the railway network (e.g. local public
transport means), which are analyzed to identify potential bottlenecks. Ultimately, the service
quality of the resoluti on alternatives (across all potential corridors) is evaluated and subsequently
selected to establish the transport concept. The alternatives are evaluated by consideringassenger
delays at stations and trains, and additionally required transfers. However, in the proposed
evaluation structure, the capacity limitations of existing public transport alternatives utilized to
support the broken travel chains of disrupted railway passengersare not taken into consideration.

Deployment of DRP

The deployment of aspecific DRP has been described and summarized as the chaotic phase, which
is comprised of two specific phases, namely, the investigation and transition to stable operations
(Chu et al. 2012, see figure 2.5).

During the investigation phase, dispatchers gather the necessary information regarding the
disruption (e.g. affected infrastructure, affected vehicles) and choose one specific DRP from the
set of DRPs available for the network. The investigation phase not only entails choosing the DRP
but also setting-up the operating concept of the selected DRP within the actual operating situation
of the network. The DRP setup includes the identification of the infrastructural elements in the
network utilized by the line -specific measures of the chosen DRP (e.g. tming stations, deviation
points, etc.), and establishing the dispatching success of every single train in the network visa-vis
the identified infrastructural elements (Oetting and Chu 2013). The dispatching success makes
direct reference to the handling possibilities and the delay that a train may acquire during the
deployment of the DRP operating concept, considering its actual location in the network (Oetting
and Chu 2013).

Furthermore, while DRP operating programs provide with tested line-specific measires,
dispatchers still need to appoint ad-hoc measures to the specific trains while taking care that the
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network is able to reach stable operations in the shortest time possible (Chu 2014). The transition
to stable operations entails the implementation of dispatching measures to specific trains so that
the line-specific and pre-defined number of trains can be reached, and simultaneously, trains can
be directed to their line -specific and pre-defined routes (Oetting and Chu 2013).

Choosing theDRPs

The choosng of a specific DRP requires that dispatchers compare the type of disruption as well as
its extent (i.e. affected infrastructural elements) with the different scenarios contained in the set
of DRPs available for the network. Dispatchers manually choose ie DRRE which better fits the
actual disrupted operations. The choosing process of a DRP has been studied in the work of Oetting
and Chu (2013) and Chu (2014). However, to date, there is no decisionsupport system or model
available to support choosing the DRP during reaHime operations.

In Chu (2014), while conducting the analysis of additional blocking times during disruptions,
specific tasks that must be fulfilled by the dispatchers during the investigation phase (see figure
2.5) have been systematicaly documented. Two tasks with particular relevance have been
identified. The first task consists of choosing the best suited DRP, considering the deploying context
(e.g. carnivals, ongoing sports events, etc.) and establishing the actual infrastructure avaiability
(i.e. ongoing maintenance, construction or renovation works). The second task entails the need to
adjust the line-specific measures contained in the DRP operating and transport concepts in order
to match the actual deploying context and infrastructure availability.

Adjusting the operating and transport concepts to the deploying context and infrastructure
availability involves introducing local, or global adjustment, to both the DRP operating and
transport concepts. Reasons for the need of local aplistments of the operating concept are for
example, switches or platform tracks in DRP turning stations that are not available due to
construction or maintenance works. On the other hand, global adjustments involve more complex
modification s to the concepts (e.g. unreachable DRP turning stations or inaccessible deviation
points). Ideally, a comprehensive adjustment of the DRPs would entail having their functionality
and feasibility verified in real -time, as discussed in Brauner (2019). However, to this pontin time,
the necessary adjustments of the DRP concepts must be either developed, verified and introduced
ad-hoc by dispatchers, or as last alternative, a DRP from the set of DRPs available for the network
that considers a wider disrupted area is utilized.

SetUp of the Chosen DRP

Once the DRP has been chosen, its linspecific operating concept must be setup. Setting-up the
chosen DRP operating concept supports the subsequent deployment of its lingpecific measures
throughout all the trains circulating in the network.

The setup process derives from the analysis conducted by Oetting and Chu (2013) regarding the
implementation of DRPs across two commuter railway networks in Germany. The analysis
identified different reasons, and the specific network location in which delays occurred after
declaring a DRP. The most relevant reasons have been explained as to be the queuing of trains in
the critical area, and the use of deviations. Moreover, the specific locations in the network where
delays have been mofly generated are identified in stations utilized for the turning of trains,
inherently, including DRP turning stations and end stations. The findings derived the need to
categorize each of the trains in the system so that the dspatching success (i.e.the possibility to
salvage them or not- see Oetting and Chu 2013, p.12) can be apparent to dispatchers.
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The authors explain that8 In ®rder to measure the dispatching success during the transition phase,

the analysis focuses on different groups of trains wh are defined by their location in the network at

the time of DRP declaration Y The categorization by location at the time of DRP declaration
provides information about the prospects of each train being delayed by the disruptionorpot. &0 . / 1 *
p.12-13). Overall, the authors foresee the clustering of the trains in three general categories,
namely, Red Yellow and Green trains (Oetting and Chu 2013). Trains are clustered in each of the

three categories by contrasting their actual location in the network the moment the DRP is being
deployed in correspondence with the DRP relevant infrastructural elements.

Trains are introduced in one of the three clusters as follows (Oetting and Chu 2013, p.12-13):

1 If atthe moment of the DRP deployment, the train drivestowards its end station (i.e. away
of the disrupted section) or has not yet reached itsthe DRP turning station or deviation
point appointed to its line, it can be clustered in the Green category

91 If at the moment of the DRP deployment, the train drive s towards the disrupted section
and has already passed the DRP turning station or deviation point appointed to its ling it
can be clustered in the Yellow category.

1 If at the moment of the DRP deployment, the train finds itself beyond the last turning
station with the technical feasibility to support changing the driving direction before the
disrupted section, it can be clustered in the Red category. Trains, which have been directly
affected by the disruption are also introduced within this cluster. However, in Chu (2014),
it is argued that not all the Red trains have an equal handling capability since some trains
just require a time-out before they can resume their drive during the disruption.

Deployment of DRPs

The deployment of DRPs during reaktime operations must be framed within the three disruption -
management problems. As with adhoc approaches, dispatchers must address the disruption
considering the adjustment of the schedule, rolling stock rescheduling and crew rescheduling.
Current DRP implementing practices demand dispatchers to manually fit the DRP operating
concept to the existing situation; thus, all three problems within disruption -management are still
manually handled.

Overall, despite the existence of DRPs, dispatchers still develop and impl@ent ad-hoc dispatching
measures. On the one hand, he measures included inthe DRP operating and transport concepts
eassbgqn _r af c pmpkig precasgeq gymémoving uncertaintiesand allowing them to

dedicate more time to develop measures foreach individual train with higher quality (Schipper

and Gerrits 2018). Nonetheless the utilization of a planned disruption -management requires
dispatchers to guarantee that the network transitions to stable operation as fast as possible,
throughout the development and implementation of every dispatching measure (Oetting and Chu
2013). For example, dispatchers ought to take care that the fasterthe train queues in the critical

area are dissolved, the faster the system becomes stable.Consequently, within current
implementing practices, the successfulimplementation of a planned disruption-management is
still influenced by subjective factors such as theexperience and skill of highly strained dispatchers.

Very limited literature exists, featuring DRPs as part ofdecision-support models, particularly, with
the ability to support its deployment to the actual operation. Nakamura et al. (2011) introduced a
heuristic algorithm for schedule adjustment utilizing e xisting DRPs oras the authors refer to them
§rain-rescheluling patternsu |, Rf c _nnpm_af srgjgxcqg rfec BPN

Page50



constructively an initial rescheduled plan. This plan is further adjusted through heuristic
algorithms, utilizing context-specific dispatching methods, to ultimately adjust the schedule. The
process observesertain circulation planning matters and tries balancing the vehicle flow in a
similar way as Louwerse and Huisman (2014). To evaluate the adjusted schedule, the authors
structure anindex strictly tailored from a passenger persective, focusing onweighting the changes
in travel time, number of transfers and resulting occupancy within the vehicles. Ultimately, the
authors argue that by merging the DRPsinformation with practical knowledge, their approach can
maintain a simple structure, gain further relevance for its actual usage and improve passenger
satisfaction.

Discussion - Obstacles in the Deployment of DRP

At the outset, whereas DRPs provide with a linespecific outline to address the disrupted
operations, their manual deployment of on the actual operating situation highly restricts the

proficiency of the disruption -management. Therefore, it is possible to conclude that the current
deployment practices (i.e. manual) constitute the central obstacle for the deployment of DRPs.
Nonetheless, researchers point out different features of the DRPs to explain their disadvantages.

Ghaemi et al. (2017) pinpoint the specific disadvantages of utilizing DRPs for rescheduling
purposes. The authorsinitially argue that DRPs aredesigned manually, and the quality of their
operating concepts is not optimal. However, these matters have been recently addressed by the
work of Brauner (2019) and Brauner and Oetting (2019). Furthermore, the authors also argue
that DRPs arestatic, as they need tobe updated to fit any schedule or infrastructure modification
and can not observe all possible disruption scenarios. These remarks highlight the lack of a
framework that supports the adjustment of DRPs to the actual deploying context and infrastructure
availability , as discussed in previous subtitles. Finally, the authors also discuss that the lack of a
framework that supports dispatchers dealing with the transition phase also stands as asignificant
obstacle for the use of DRPs

Schipper and Gerrits (2018) argue that in practical terms, DRPs induce a rigid and inflexible
disruption-management as they curtail the flexibility with which dispatchers are able to respond
to disruptions. While such remarks are accurate in first instance, the authors fail to consder DRPs
within the understanding of P&P tools introduced in subsection 1.2. P&P strategies are detailed as
the means to uphold the service qualities of a system since the early moments of the disruption, as
it has been directly acknowledged in Brauner ard Oetting (2019). Nonetheless, without ensuring
the capability of DRP to reach stable operations, the general implementation of planned disruption
management approaches is still questionable.

2.3.4. Summary

Overall, the literature review regarding disruption -management approaches has provided an
overview of the methods and models which are currently available and utilized across both adhoc

and planned approaches. Furthermore, it has allowed to point out a remaining lack of methods
that support a generalized handling of the disruption -management problems across both planned
and ad-hoc disruption-management approaches. Ultimately, the most noticeable distinction
between the two approaches observes the overall share of models available for attoc vis-a-vis

planned disruption-management, the main share of the models is grounded on adhoc principles,

leaving very limited literature available and directly applicable for planned disruption -

management.
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Within the ad -hoc disruption-management approach, the majority of the available models focus
on one of the disruption-management problems through the utilization of exact methods. Whereas
models that align different methods exist (e.g. Dollevoet et al. 2017), a comprehensive
coordination and interchange framework supporting the management of multiple problems and
rf _r _jgm glajsbcgqg n_gqclecpq% ucjd_pc gg | mr asp

The effectiveness and efficiencywith which planned disruption-management approacheseal with
disrupted operations are said to be dependent on: the quality and detail behind the development
and deployment of both the operating and transport concepts (Chu et al. 2012).

On the one hand, the sound development of DRP from both operational and passengetransport
perspectives has been addressed in the wiix of Chu et al. (2012), Chu (2014), and the practical
approaches provided by Brauner (2019) as well as Brauner and Oetting (2019). The development
of DRP transport concepts,as afunction of the operating concepts, can be effectively conducted
through the approach introduced in Brauner and Oetting (2019). However, the development of
passenger transport compensation strategies within the DRP transport concepts and their
evaluation still requires further exploration. Particularly, considering the capacity li mitation of
existing public transport alternatives utilized to support the broken travel chains of disrupted
railway passengers.

On the other hand, the literature review regarding the deployment of planned disruption -
management approaches has allowed recogizing the limited line of inquiry regarding their
inclusion within existing decision -support mechanisms. Furthermore, the limitations explained by
Ghaemi et al. (2017) and Schipper and Gerrits (2018) can be traced to the current DRP
deployment practices (manual deployment) and the lack of approaches that support or even
automatize the deployment of both the DRP operating and transport concepts on the actual
situation. All in all, the deployment of planned disruption -management approaches and the
processeghat are to be supported within this phase (e.g. adjustment of the DRPs, minimizing the
transition times to stability) have not been adequatdy investigated to date.

2.4. PassengerTransport Compensation During Disruptions --Transport Concept

2.4.1. Introduction

Disruptions in railway systems inevitably impact upon their users.Disturbed passengers strive to
find plausible alternatives to deal with the disrupted situation, which can be helped or hindered
by the deliberate or sometimes urnintentional actions of rail transport operators. What is more, as
patronage continues to grow consistently (Newman and Kenworthy 2015), and due to increasingly
tight coupling with other systems (Rinaldi et al. 2001), securing proficient transport compensation
structures becomescritical. Reliant on uninterrupted railway transport structures, the welfare of
disrupted passengers must be upheldeven during the occurrence of extreme operating events
either through the provision of replacement transport services or by taking advantage ofexisting
alternative local transport structures.

The management of disrupted passengerstravel chains during railway disruptions entails
addressng the broad array of possible scenarios presented byany disrupted situation. Coping with
such eclectic conditions implies mediating between the affected railway operations, their disturbed
passenger transport capacity and thelength of the disrupted situation (Ghaemi et al. 2018b) .
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However, despite the relevanceof pursuing passengerrerouting strategies, the operational features
and their stability remain the dominant parameters for final decision-making (Pender et al. 2013).

The authors Pender et al. (2013) performed a thorough analysis of passenger transport
compensation schemes across railway management orgamations in different countries. They
conclude that the success of thesecourses of action is mainly contingent on the availability of
parallel systems around critical nodes throughout the disrupted network (e.g. important passenger
hubs near the disruption) and the nature of the disruption (e.g. duration, time, location). Together,
these features constitute a foundation for assessing the most adept transport replacement
strategies for disrupted passengers.

Passenger transport compensation strategies are ttaracterized by having either an external
(relying on local existing public transport structures) or internal focus with regards to the affected
railway system (e.g. alternative replacement services making long-distance train services available
to all passengers) (Pender et al. 2013). Consequently, responding to the unpredictable
circumstances behind each disruption implies matching the affected railway network with the
operating conditions of the surrounding transport structures so as to minimize the burden on
customers as much as possible.

Furthermore, as with operational management, addressing passenger transport compensation
issues can be conducted either in an aghoc manner or through the implementation of DRPs. The
following section explores planned approachesfor passenger transport compensation strategies in
detail. For approaches following ad-hoc principles, refer to Tsuchiyaet al. (2006), Bouman et al.
(2013) or Yin et al. (2016).

2.4.2. Planning of Transport Concepts

In the framework of DRP developmen, structuring proficient pre -planned transport concepts
compels practitioners to take a much more holistic stance. In this regard, it becomes crucial that
the planned measures included in the concept not onlytake into account the circumstances around
which the transport compensations are to be deployed but the way in which they are shared with
users.

Overall, the structuring of passenger transport compensation strategies during a disruption in any
transport system is primarily focused on upholding the welfare of users (Pender et al. 2013). In
this regard, the cornerstone of the DRP transport concepts and its strategies are concerned with
gcaspgl e n _ qgity chhir Thergféte, thay Stgve to guarantee that passengersare able
to access the necessary alternativeso reach their destination within an appropriate timeframe
(e.g. wait time, travel time) and through adequate transport structures (e.g. overall capacity,
number of transfers) (Chu et al. 2012).

Quintessentially, within DRPs, the arrangement of proper passenger transport rerouting strategies
entails assessing:

91 the mobility conditions around the stations where passengers are to be rerouted

1 the best fitting measure given the operating circumstances of the existing transport
services(i.e. the necessity to deploy alternative replacement services between stations
and reliance on existing public transport systems)

1 communication proceduresbetween users ad the railway staff (Chu et al. 2012, Pender
etal. 2013).
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Determining the most critical points wherethe _ddcar cb n _ cpee dolbe adgres8éd is p g n g
entirely dependent on the disrupted circumstances and the intricacy of the railway network. After
the disruption has taken place, the typology of the network changes and passengers need to
readjust their travel chains (Cadarso and Marin 2013). In this regard, a station in the railway
network, where passenger exchange is to be conducted, is considered critical beyond its
operational importance and instead, its relevance is determined by its potential as anintermodal
transference hub. Identifying a set of stations as relevant rerouting points for passengers within
DRP transport concepts implies that these spaces must be able to support the rerouting activities
and provide with adequate service conditions. Firstly, they must be able to supply the basic
infrastructur e (e.g. platforms) and at the same time, must be able to handle the foreseen passenger
flows, avoiding the generation of bottlenecks (Brauner and Oetting 2019). Furthermore, they also
must count with an understanding of both the local transport and railway network condition,
which entails considering the accessibility to the rerouting strategies foreseen in the DRP operating
concept (e.g. availability of public transport structures, different railway services) (Brauner and
Oetting 2019).

The prospect of rerouting passengers to longdistance or medium-distance train services stands at
the front line of the overall replacement service possibilities (Brauner and Oetting 2019).
Nevertheless, this option can be rendered impractical by either the structure of pasenger trips
(e.g. direction or objective of the trip) or the extent of the disruption (e.g. affecting all train traffic
in the region). As a result, looking for answers outside of the railway system itself can become
particularly relevant. The pursuit of i ntermodal strategies entails that railway users are provided
with suitable alternative replacement services or they are rerouted towards the local transport
structures (Pender et al. 2013). In sum, structuring the most appropriate transport compensation
strategies at the relevant nodesmostly implies taking an inventory of the resources available at
these specific locations.

Once the adequate rerouting prospectsare asserted there still remains the adequacy with which

the strategies are shared with the afected passengersFrom announcements on vehicles, platforms
and stations to written messages displayed throughout the rerouting environment or sent via
mobile phones, passengers gather and react to the information in various waygCurrie and Muir

2017). However, recent investigations indicate that commuters respond more effectively to the
information gathered around the station or from staff members circulating on vehicles and

platforms, rather than through smartphones ore web-based canmunications (Currie and Muir

2017).

One benefit conveyed by DRPs is that prestructured communication processes form an intrinsic

part of their structure. This enables passengersand staff membersto access necessarinformation

in a shorter time span (Chu 2014). Moreover, since they are explicitly developed to fit specific
situations, they can be instrumental in helping passengers to determine their best fitting transport
compensation alternative. However, dealing with passengery %eactions towards disrupted
operations as well as their eventualtrip rerouting prospectsimplies contending with the intricacies
"cfglb necmnjc%g mtcp _jj km> gjgrw n_rrcplqg _1IDb
issues, which require much broader and more detailed consideration. For a deeper insight into
communication strategies during disruptions (see Boltze and Dinter 1996, Dollevoet et al. 2012,

Stelzer 2016, Piner and Condry 2017, Curie and Muir 2017).

Harmonizing the process of attaining adequate operational measures with the assembly of the
necessary passenger rerouting strategiesand communication protocols is a key part of the
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development of DRPs Chu et al. 2012) since these qualities enable disruptedpassengersto

complete their journey within acceptable quality standards. However, DRP development experts
can not always acquire the information necessary for a complete overview of the disrupted
circumstances. This is particularly the case with regards to the operational conditions of pasllel

public transport systems, which do not always have the adequate capacity to deal with the
additional demand (Pender et al. 2013, p.23). Therefore, a deeperdiscussion including the actual

character of local transportation structures within the development of intermodal passenger
rerouting methods, becomes indispensable

2.4.3. Intermodal Rerouting Strategies Durin g Disruptions

Two fundamental intermodal strategies can be pursited and eventually combined to overcome a
disrupted situation. These strategies involve pursuing an effective intermodal transfer to local
public transport means (multimodal focus) or the deplo yment of alternative replacement services
between relevant locations (generally singlemode focused). Both of these strategies are further
explored below.

Alternative Replacement Services

If the passenger rerouting strategies are to be conducted in an aredhat lacks adequate connectivity
to public transport structures or if it assumed that the disruption might last an extended period of
time (e.g. days), it is necessary to provide transport replacement services.

Replacement services rely on the use of parcular vehicles to serve asa link between two disrupted

stations or between a disrupted station and another relevant location (e.g. city center, airport). In

general, replacement services are conducted with buses due to their operating flexibility and
passenger hauling capacities, setting the groundwork forthesea _j j cb 8 s q ~ fghgbegl e
Los-Santos et al. 2012, Zeng et al. 2012) However, replacement services can also be conducted

by other means of public transport (e.g. trams) and even private means (e.g. taxis) (Christoforou

et al. 2016).

Structuring the replacement services is inherently contingent on the disruption characteristics (e.g.
time of the day, location within the network) and the availability of resources that can be dedicated
to this task (e.g. vehicles, staff, etc.) (Zeng et al. 2012, Kepaptsoglou and Karlaftis 2009).

Ultimately, since they are generally an emergency substitute or utilized to bridge locations that are
not accessible by existing means of public transit, they stand as proficient means to uphold
passenger transport quality (Kepaptsoglou and Karlaftis 2009).

Existing Public Transport Me ans

Multimodal passenger rerouting explicitly relies on existing transport structures around the
railway stations where the passenger rerouting strategies are to be conducted. Under these
circumstances, it becomes particularly relevant to conduct an assesment of two keydetermining
variables: the travel alternatives provided by the available structures and their ability to absorb
the demand induced by the disruption (Pender et al. 2013 Xu et al. 2015, De-Los-Santos et al.
2012).

On the one hand, assessing different travel alternatives demonstrates the extent to which a given
rerouting location possesses the necessary transport structures to connect it to relevan
destinations within the considered region. As discussed in subsection 2.3.3, verifying the
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availability of local transport modes in a given location provides an overall picture of its relevance
as a major junction or hub. On the other hand, and perhaps as the most important among
determining variables, assessing the capacity limitations of the existing public transport structures
reveals the actual rerouting prospects in the area and the quality with which these measures can
be implemented (Pender et al. 2013 Xu et al. 2015).

Summary

Both of the aforementioned passenger rerouting options illustrate the importance of a thorough
exploration of the existing transport situation at all rerouting locations. As the first factor
influencing decision-making, it is critical to acquire a sufficiently informed grasp of the operating
characteristics of existing public transport structures and, particularly, their ability to absorb the
disrupted passengersat each one of the projected rerouting points across the railway network.
Therefore, asserting he public transport q wqg r ¢ k q %liméatioms_aad thevproficiency of its
available structures to absorb the additional demand should be considered a cornerstone in
structuring effective rerouting strategies.

2.4.4. Capacity Analysis

Evaluating the capacity of the public transport systems involves an extensive assessment of

ksjrgnjc dc_rspcqg md rfc qgwqgonentk $6@s torpnoeg thair gbitity |

to handle excess demand in a specific location.

Capacity can be interpreted in multiple ways. It circumscribes within its consideration different
elements specific to the means of public transportation. Each divergentunderstanding of capacity
carries its own significance and limitations.

In its most basic definition , the capacity of a public transport system is defined as: 8n relation to

fixed resources and a quality of service objective, transport capacity is the imaxn volume of flow
that can be handled in standard conditions for a limited periogi(Leurent 2011, p.11). It can also
be perceived through its infrastructural dimension and described as the highest number of
transport units, each with its own passenger carrying capacity,which an infrastructural element is

able to manageduring a set timeframe (Dorbritz and Ander hub 2007, p.5). Similarly, it is also
accurate to describe it as a function of operating qualities, where vehicle sizesand frequencies
define the overall aptitude of the system, guided by certain quality standards or comfort criteria

(Brinckerhoff 2013).

Each definition focuses on a different element within the public transport structure. As a result,
the capability of any public transport system to handle passenger flows is defined bythe specific
features of its physical and operational components (i.e. vehicles, infrastructure, traffic protocols,
and in most cases specific quality standards).

Objectives of Capacity Analysis

The underlying objective of studying the capacity of a public transport system is to bridge

n_qgqclecp%wg km gjgrw lccbg _Ib rfc pcqgsjrgle

availability of transport resources. In this regard, the capacity analysis concentrates on minimizing
the operating resources, while maximizing passenger comfort and security (Schnieder 2015,

p.45). Consequently, the efficient balancing of these parameters rests at the core of public
transport planning and management.
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Public transport planning is understood as a process built mainly over two main modules: the
identification of the existing t ransport demand or passenger travel behaviour and the proficient
scheduling of the necessary services or transport supply (se&chnieder 2015, Cats et al. 2015).
Both of these tasks are further detailed in the following subtitles.

Public Transport Demand

Understanding publicr p _ I gnmpr bck _|I b _q _I cvr arlisqq@onlyofmd nc
great relevanceto capacity assessment but also in achieving a deeper appreciation of the public
transport network potentials.

The determining variablesbehil b n _qqc | e c p qWoare spid to incjude ‘a bréad d@rrgnge

of compound characteristics (e.g. urban density, land use, car ownership, journey time, etc)

(Paulley et al. 2006, Klinger et al. 2013). The complexity behind these characteristics has ben

explained in-b c nr f ugr f gl rfc 8Sp  _|I Km gjgrw Asjrspcu
(2013). The authors argue thatp_ qqgc | e c p q % r pesultscfiom a mixturetofgaijscpve

and subjective aspects that constitute local urban mobility culture. While the objective aspects

range from the urban form, to transport infrastructure to socioeconomics, and can be
unequivocally evaluated, the subjective aspects,constituted by ncmnj ¢ %gq j gdcqgr wj c
perceptions, travel behaviour (i.e. modal -split) , are difficult to appraise due to their abstract nature

and flexible definitions ( Klinger et al. 2013).

Within capacity planning and public transport management, the intricacy behind endeavouring to
identify the precise shifts in demand can be addressed, for the most part, by analyzing actual user
behaviour information (Schnieder 2015) (Dorbritz and Anderhub 2007) . Collecting reliable user
behaviour information supports the improved planning and scheduling of public transport
operations. However, this information must be reviewed acknowledging the strong of
spatiotemporal influence behind the existing public transport structures and their relationship with
the wider urban fabric they service (Paulley et al. 2006).

Initially, regardless of the mean of transportation being assessed, demand varies through time,

dp mk nc _i &pcdcppchb rm gl Ecpk | -pepk (NVIZX 8§ F _
S§Lmpk _jtcpicfpgxcgrpy mp QTX 8Qafu_aftcpicfpgxcgl
these periods depict thefundamental changes in demand (i.e. commuting flow) throughout the

day (Dorbritz and Anderhub 2007, Schnieder 2015, Lopez et al. 2017). By the same token,public

transport demand also varies throughout the week. The most significant transport demand values

tend to come about during week/working days when the overall city functions (e.g. educational

services, shops, industry, civil services, etc.) are entirely operational (Paulley et al. 2006). Thus,

the most substantial demand transpires during peak hours on a normal working day while
educational activities are also taking place.

Respectively, demand also fluctuates across space. In consequence, public transport network lines
are sized to service a specific catchment area within the urban environment. The spatial
distribution, density and function of the area served by a public transport line play a critical role

in determining the strength of the public transport demand (VDV 2001). Additionally, the modal -
split or the choice of the mode of transportation (e.g. walkin g, biking, public transport), which
changes in concordance to the trip length, also influences the public transport demand Valther
1991, Steierwald 2005).
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relevant (Lefévre 2009, Newman and Kenworthy 2015, Paulley et al. 2006). Inner-city areas have

been explained to constitute the leading objective, as they are often the source of an average trip

generated within the public transport network (Lefévre 2009 - see figure 2.7). This generalization

f_q "~ ccl dgpqr gl rpmbsachb gl rfc ggknjgdgcb 8qgr _
Alonso (1964).
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Figure 2.7 Monocentric and Mono -polycentric Urban Landscapes (Lefevre 2009, modified by author)

The model introduced by Alonso (1964) was advanced from an economic perspective where an

individual is said to maximize its utility and minimize its costs. This is then reconciled across alll

gl bgtgbs_jqg ugrfagl rfc gltcqrge_rcb cltgpmlkclr r
price that can be bid for a given location is essentially expressed as a function of its distance from

the city center. As explained by Bertaudand Malpezzi: 8 Gr ggq c¢c_qw rm gqf mu rf _r
that change in commuting costs from a movement towards or away from a central business district

&A @B' mp mrfcp cknjmwkclr | mbc cos_j q2003fpR2).af | ec
This observation has been backedup by an analysis d more than forty cities across the world,
demonstrating that population density tends to grow exponentially towards the main city center

(e.g. CBD, old core) as the price of land increases due to competition (Bertaudand Malpezzi,

2003).

Although in the typical monocentric urban landscape, travelling patterns concentrate around the

CBD area, not all cities resemble this same structure (see figure 2.7). As medium and local centers

gain further relevance (i.e. mono-polycentric urban landscape), these localities become focal

points for the generation and attraction of trips. These, in turn, result in polycentric cities, which

have, on average, longer trips than their monocentric counterparts. Nonetheless even with more

dispersed travel patterns, as is the case in polycentric cities, there will still be one location within

the entire environment with the minimum average trip length to all potential destinations known

~q rfc agrw¥%g 8aclrcp md e pcentegof gravity &a@eepsrsimgab 0. . 1*
characteristics to those of the CBD in the monocentric casgthus, the population density in even

gl nmjwaclrpga agrgcg _jgm bggnj _wq _ Il ce_rgtc
(Bertaud 2003). Therefore, regardless of a monocentric or a polycentric urban landscapethere is

one location in the urban environment that can be referenced as being the average source and

objective of all trips that are generated.

The relevance of the city center as theprimary source and objective of trips generated within an
urban area during weekdays has been essential for public transport capacity planning. Walther
&1 771" c v n jit hag begrBpro&iY to pe a permissible abstraction of demand to assume the
frequency distrilution of the travelled distances of all trips for predominantly monocentric areas as
demand frequencies for inner citpriented routesY - [ 0 & U _j r f c[pwn frahstation] ).n , 3 0
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Once the spatiotemporal influences on public transport demand have been cosidered and
acknowledged, the actual transport demand information can be retrieved.

The actual public transport demand information can be gathered through a variety of approaches
(e.g. passenger counts, passenger surveys, ticket sales, etc.) (se&chnieder 2015, Steierwald
2005). The most important attributes to isolate are the shifts of passenger day trips throughout
the network, as explained by the spatiotemporal features. Collecting actual demand information
implies recognizing strategic locations within the public transport system that are determined
depending on the utilized approach (Steierwald 2005).

The most common surveying mechanisms are direct and systematical passengemounts, which
recall data on the number of passengers boarding and alighting from the timetabled journeys of a
particular line throughout the whole day. This information can be captured either manually or by

means of Automatic Passenger Counting Systems (APCS) (see VDV 2018nd the results are
useful to determining operational elements within lines (i.e. vehicle characteristics, frequencies of
gcptgac' , Wc r * r fwgdg apglicabilitynid Brinifed birce it dogd not capture

information regarding transferring passengers or the beginning and the end of specific trips
(Schnieder 2015).

The limitations in direct passenger counts can be offset, for example, through origindestination
(O-D) surveys, as they allow for the identification of the specific origin and destination of each
trip. Nonetheless, GD surveys have a much more complicated structure angdas such are more
difficult to evaluate.

Ultimately, t he surveyed strength and spatiotemporal structure of the demand is narrowed down
to decisive crosssections across the network, to inform the scheduling of the public transport
supply. These elementspinpoint the location in the network (i.e. public transport stop) with the
highest load of passengers per unit of time and around which the public transport supply is sized
(Schnieder 2015).

Public Transport Supply and Capacity Levels

Sizing the adequate public transport supply to cover thecritical demand identified at the decisive
crosssections entails recognizing the close interplay between all fundamental elements that
constitute publga rp _I gnmpr mncpdgrgrmdlge % Rdqgq_ “lacaqr @algr svp m
different capacity levels while it adheres to certain standards so as to service the existing demand.

Differentiating between capacity levels implies a systematic examinaion of the elements that
amlgqgrgrsrc rfc ns > jga rp_lgnmpr | crumpi %q ecl cp_
level yields a particular capacity related character that amounts to describe its operating conditions

and transport supply limitat ions.

Qglac rfc a_n_agrw jctcjg dmasq ml ggxgle bgddc
discuss the structured partitioning of these elements.The differentiation provided by Dorbritz and

Anderhub (2007) is very insightful. The authors divid e public transport capacity into six categories:

i) passenger capacityij) theoretical capacity,iii) operational capaciy, iv)comfort-oriented capacity,
v)network and mixed traffic oriented capacity These categoriesenable a deep appreciation of the
implications behind each one of the different elements that constitute the public transport system

in general and are explained here in detail.

i) Passenger Capacity
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This first level concentrates on the features of whatis arguably the most important for public
transport operations: namely, the number of people a specific vehicle type is able b transport.

Consequently, it deals with vehicle characteristics throughout different transport modes.

At large, this level can be defined asthe maximum number of passengers a transport unit or vehicle
is able to handle (Dorbritz and Anderhub 2007) . Thus, it is possible to recognize threefundamental
limitations: the available number of seats, the available area for standing passengers and the
overall number of passenges able to alight and board the vehicle within a specific time (Leurent
2011, p.16-17). In particular, the maximum passengers transported per vehicle differ not only
between modes of transport and vehiclemodels but also with existing regulations. For example,
German public transport regulation adopts a maximum value of four persons per sqiare meter for
the maximum number of standing passengers in a vehicle(Dorbritz and Anderhub 2007, p.7;

Schnieder 2015).

The most important characteristic of this first level focuses on the total number of passengers each
vehicle is able to transport. However, for every mode, there is a broad spectrum of vehicle types
(see chapter 3.3in Schnieder 2015, p.61) and the allowable amount is tied with local transport
regulations. For planning and evaluating purposes these values are standardized (as ischnieder
2015, Dorbritz and Anderhub 2007) and an example of this is provided in table 2.5, where the
averaged values for thetotal number (i.e. standing and sitting) of passengersper vehicle type for
each transport mode are presented.

Table 2.5 Average maximum passenger hauling capabilities per vehicle type (standing and sitting) (Dorbritz and

Anderhub 2007)

Public Transport Standard | Artic ulated Tram Tram Tram Metro Metro
Mode Bus Bus Short Medium Long Short Long
Average
(People/Vehicle) 63 92 94 180 222 274 764

ii) Theoretical Capacity

The theoretical capacity of a public transport line combines the previous level with the maximum
number of vehicles that can be moved through a specific route in a certain period within ideal
circumstances. This assmes a set of idealized conditions as the pretext for its theoretical
standpoint, yet it cannot be achieved during ordinary operations.
In order to account for the highest amount of vehicles that are able to traverse a specific route,

emphasis must be fixedon the succession time between moving bodies. The succession time or as
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vehicles. The succession timeas explained by Dorbritz and Anderhub, b ¢ n c | b q teohhicl

parameters that consider the safetselated and dynamic vehicle behaviors (speed, braking distance
etc)u(Dorbritz and Anderhub 2007, p. 10). Accordingly, to maximize the number of vehicles, the

headway must be kept at its minimum operating value setting the stage for what is called the

mnr gk |
behaviour parameters (i.e. minimal succession distance, equal acceleration, identical braking
patterns and same reaction times)(Dorbritz and Anderhub 2007) . Itis clear that these assumptions
are used uniquely for analytical or planning purpo ses.
By combining the two public transport capacity planning determining variables discussed thus far,
it is possible to describe the most basic capacity relation. Equation 2.16 provides a general
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framework to ascertain the capacity 6 of a particular line within a defined time period 0
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Dividing the m aximum passengervehicle capacity ¢ dby the headway time (minimum headway) f
and multiplied by the defined time period 6 as depicted in equation 2.16, the capacityd of a
public transport line can be ascertained.

iif) Operational Capacity

To perform a more realistic assessment, the conditions within the previous level need to be
expanded to include the uncertainties featured within real operations. Therefore, the operational
capacity level attempts to include real operating stipulations for a much more accurate portrayal
of transport capacity.

The operational capacity outlines the operational process of an actual working system, where the
stability of the planned schedule is removed by three preeminent sources: the movement of
vehicles through the infrastructure, the flow of passengers in and out of the vehicles and additional
external consequences. From pathway configurations to working protocols and station
characteristics to the vehicles operating features (e.g. acceleration, braking, etc.), there exist an
immense range of uncertainties across every single vehicle rur(Brinckerhoff 2013, Dorbritz and
Anderhub 2007, p.10). With regards to the systempassenger interaction, vehicles stopping in a
station (i.e. dwelling time) and the time necessary for the passenger exchange (i.e. boarding and
alighting from a vehicle) can fluctuate considerably. Other essential features are external
disturbances (e.g. weather, strikes, etc.), which not only affect the user behaviour but also the
overall system operating capabilities (Schnieder, 2015). The combination of all of these limiting
aspects affecs the possible headway time between vehicles.

Operators and planners createspecific restrictions to handle these uncertainties and stabilize the
planned schedule, thus lowering the theoretical capacity of the system(Dorbritz and Anderhub
2007, p.10). The most common technique is to add additional surcharges to the atual driving
time of the vehicles and enlarge the time between runs of two sequential vehicles by including the
soa_j j cb8 § baetwkehaums (segSchnipder 2015), 8 @s d d c pfixed igtérealthatg g
compensates, to some extent, for deviations in the planned operations. It derives from practical
experience and it is widely utilized in mass transport operations since it allows for the operating
processto achieve some constancy despite the fact thatt is said to reduce the theoretical capacity
by half (Dorbritz and Anderhub 2007, p.10) .

iv) Comfort Oriented Capacity

The comfort-oriented capacity is built on notions of passenger welfare and demand considerations.

At this level, minimum pre-c qr _ " jgqfcb qgr | b_pbqg e sggabties acrdsc qwq
fluctuations in demand, while obliging operators to abide within explicit constraints that protect

the welfare of users.

The quality standards include a regulatory framework, which imposes specific occupancy
limitations on the vehicles throughout the day. The limitations are intended to uphold user comfort

by limiting the degrees of freedom with which system components may be appointed to match the

changes in demand.lt is said that during peak-hours (HVZ), passengers accept a higher occuancy

rate within the vehicles. However, in the German guideline for public transport, it is stated that

the occupancy rate as an average value during the HVZ ought not to exceed 80% over a 2éhinute -

peak and 65% over a onehour peak (VDV 2001). On the other hand, during NVZ, the average
occupancy should notsurmount 50%, as passengers tend to secure a sittingplace in the vehicle

(Dorbritz and Anderhub 2007, Schnieder 2015).

Inthelongrun, r f ¢ gcptgac os_jgrw md _ pmschaceeuredpkgl c
2011, p.20). Ultimately, introducing limitations to the maximum occupancy of the vehicles and
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projecting these to the collected passenger transport demanddata allows for the identif ication of
the necessary characteristicof vehicle sizes, frequencies, etc.

v) Network and Mixed Traffic Oriented Capacity

The network includes the totality of public transport lines that service a particular area (Schnieder
2015). Thus, the network and mixed traffic oriented capacity contemplate all lines and modes of
public transportation that constitute the public transport network and considers the interaction
between different means of transport (including private means of transport) and its influence on

capacity (Dorbritz and Anderhub 2007).

From route organization to route management, public transport lines can be describedalong with

their geometric and spatial characteristics such as: ring lines, radial lines, diametrical lines and
tangential lines (seefigure 2.8, top). Once the routes are organized, they inherently relate to each
other, and these qualities set the foundations for the overall network structure. Clear examples of
the interplay between routes towards the assembly of a network are depicted in figure 2.8

(bottom).
° N f/ o

Circular Lines Radial Lines Diametrical Lines Tangential Lines

N Z
7 N

Radial-Ring Network Triangular Network Mainline Network

Figure 2.8 Top: Spatial arrangement of Lines; Bottom: Composite Network forms (Schnieder 2015; modified by author)

Ufgjc rfc jglc%g ecmkcrpga ininbr jgoml glge j rdderal ¥ s puo mp
structure, their juxtaposition within network s also allows recognizing both the operating qualities
of the vehicles (Leurent 2011) and the general accessibility of the network (Paulley et al. 2006) .
Therefore, this last capacity planning level is particularly relevant for implementation purposes
and decisivein the development of transport policies.

The considerations advanced within this capacity planning level expand the understanding of
available instruments aimed at stabilizing the schedule. It suggests a further increase in driving
time surcharges and buffer times to account forthe existing traffic and the interaction between
different transport modes that share sections of nfrastructure (i.e. dependent and independent
portions of a public transport line) (Dorbritz and Anderhub 2007, Schnieder 2015). The driving
surcharges and buffer times are appointed depending on the interaction of the public transport
line under consideration with other types of traffic.

Subway systems are the best example of independent public transport lineswhere the network
and mixed traffic oriented capacity are similar to the comfort -oriented capacity since there is no
interaction between different transport modes. On the other hand, bus systems are a proficient
example of dependent public transport lines, since their interaction with different modes of
transport is very likely.

Page62



Altogether, the network and mixed traffic oriented c apacity lead to an even further decrease in the
public transport schedulable capacity.

Summary

Public transport operations are planned such that passengers reach their destination in an
appropriate timeframe (e.g. wait time, travel time ) through adequate structures (e.g. overall
capacity, number of transfers). Together the qualities of the combined network elements and their
outlined characteristics bring about efficiency and quality-oriented response to the ever-present
fluctuations in public transport demand within a given operational environment. T herefore, the
remaining gap between scheduled and demanded capacit revealsa relevant feature within public

transport operations, namely, residual capacity.

2.4.5. Implications of the Residual Capacity

Basic Principles

Residual capacity is sometimes referred to using different terminologies throughout the public
transport literature. From reserve capacity (Cats and Jenelius 2015), spare capacity (Xu et al.

2015), to most utilized residual capacity (Xu et al. 2015, Cats et al. 2015, Jin et al. 2014), authors

use different terms to denote the same feature, namely, a direct relation between scheduled and
used capacities or the gap between demand and supply.

For instance, the term reserve capacity denotes a buikin feature across different public transport

elements (e.g.vehicles, crew allocation, etc.), which is employed to increase their robustness and

mitigate the impacts of disruptions (Cats and Jenelius 2015). The authors Mattson and Jenelius

(2015) expand this understanding to include a framework that contemplates th e vulnerability of

all public urban mobility structures (e.g. railway systems, public transit, etc.) and see it as a

8§l cr wmgmpicpy pm sqr os_jgrw, Vs c¢cr _j, &O0./ 3" bcdg
oftraveli cpq% _ | b nj _ 1 litaspagéheral hetworlb qualitys { gnprove redundancy,
contingent on route choices, travelling modes and congestion effects.

The term residual capacity delineates a parallel understanding of all the abovediscussed
perspectives, yet it assumes a much moremicroscopic understanding. Essentially, it makes
reference to the remaining passenger hauling capabilities within a particular vehicle (Cats et al.
2015), or the deliberate ability to absorb supplementary demand (Jin et al. 2014). Therefore, the
residual capacity no only refers to the existing gap between the scheduled capacity and the used
capacity (considering passenger travel behaviour),but it also refers to the implications on the
operation of specific vehicles under strained situations

In this work , the term residual capacity is utilized to refer to the unutilized capacity within a public
transport vehicle throughout its route, which may be utilized for the intermodal rerouting of
disrupted passengers. Therefore, the term inherently considers the reidual capacity as a planned
robust characteristic of a public transport network that can be utilized regardless of the public
transport mode being affected. In general terms, the residual capacity'Y &; of a public transport
mode j at a point n is described as the result of multiplying its scheduled capacityd by one minus
the occupancy ratel "Y; of a public transport mode j assessed at point. The relation is structured
in equation 2.17.

Y& 6 p 0% (2.17)
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Since capacity planning is dedicatedto keeping the gap between the scheduled services andhe

spatial and temporal variations of passenger flowsas tight as possible, it inherently minimizes the

residual capacity of the system. Conversely, there are benefits to upholding a certain degree of
a_n_agrw pm sqrlcqgq wugrfgl rfc ns jga rp_lgnmpr
robustness, fosteed in part through a built -in reserve capacity, is said to allow the system to

increase user welfare and better cope with disrupted situations(Cats and Jenelius 2015)

Committing to minimiz ing the residual capacity, even while following strict transport-quality

standards, implies building potential vulnerabilities within the systemwhile expog gl e n _qgqgc | ec
welfare (Cats and Jenelius 2015, Mattsson and Jenelius 2015, Jin et al. 2014). The absence of

reserve operating resources makes the system less reactive to deviatioms the planned operations

(Mattsson and Jenelius 2015) and vastly reduces service reliability (Cats et al. 2015). Therefore,

the same notion of maintaining a supply-demand equilibrium, which makes the system resource

efficient during regular operations, can potentially constitute a source of vulnerability during

disrupted operations.

Evaluatin g the Residual Capacity

An evaluation of the residual capacity for the purpose of the intermodal rerouting of disrupted

passengers not only identifies theq wqg r ¢ k %q  absarbgthie sadditional demand (Mattsson
and Jenelius 2015) but also the extent to which the rerouting strategies can be successfully
implemented across space and time As a whole, the residual capacity is a determinant factor in
the potential of public transport networks to cope with extreme events, like, for example, an

extensive offset of capacity requirement from another disrupted transport structure. This is the

particular case during the development of the DRP transport concepts as part of planned
disruption-management approaches, where the residual capacity of existing public traisportation

offsets the loss in capacity caused by a disruption within a railway network. Such benefits are of
great relevance in the framework of passenger rerouting strategies however, the extent of the

benefits of increasing the residual capacity havenot yet been fully asserted (Cats andJenelius
2015).

Furthermore, a key path towards enhancing robustness potentials lies in the integration between
different transport systems (e.g. between commuter rail and or further public transport services)

and an increased capacity in different sections of the network (Jin et al. 2014, p.19; Cats and
Jenelius 2015). Assessing the robustness of a paitular transport network requires an appreciation

for multiple transport elements. To this end, different models have been developed.

Currently, there are multiple models that allow for the assessment of public transport residual
capacity and its temporal variations.

Though centred in road networks, Ziyou and Song (2002) developed an origin-destination (O-D)
route choice model to maximize residual capacity. Snelder et al. (2012); Chen et al. (2013),
enhancedthe previous model for public transport purposes in order to assesghe residual capacity
and its relevance during extreme scenarios.Cats and Jenelius (2015) develop a similar GD model
to identify the lines that would benefit the most from an expansion of their residual capacity when
specific network links are disrupted. Xu et al. (2015) organized a method to assess the magnitude
of the residual capacity for multi -modal public transport network links by taking into consideration
congestion and simulated passenger flow through different nodes. Cats et al. (2015) put forward
a public transport demand-supply framework to identify passenger capacity variations throughout
specific lines of the network. In the particular case of disrupted situations, De-Los-Santos et al.
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(2012) propose a model that asseses the ability of a railway network to react to disruptions by
relying on the residual capacity provided by intermodal rerouting strategies.

As common qualities, the models currently availableemphasize the prominence of passenger flow

and management of demand to boost the residual capacity of the public transport rc r u mp i %q
elements and components during both normal and disrupted operations. Furthermore, the above
described models highlight the intricacies behind assessing relevant public transport components

to determine the appropriate residual capacity.

On the other hand, none of the discussed models places exclusive focus on the influx of disrupted
passengers from external transportation systems such as railway networksAdditionally, none of
the models provide any insight or attempts to explain the changes in residual capacity within a
single public transport vehicle along its route. The general scholarly debate runs thin when it
comes to methods that allow for simple, and general estimation of capacity limitations of existing
public transport vehicles for the pursuit of intermodal rerouting strategies during railway disrupted
situations.

Structuring a framework that allows for a prompt estimation of the passenger rerouting potentials
at any given point of a commuter railway network towards existing public transp ort structures can
prove to have overarching relevance for the development and deployment of passenger intermodal
rerouting strategies.

Summary

The residual capacity estimation relates the scheduled capacity of a public transport structure (e.g.
vehicle, line, etc.) with the OR. The scheduled capacity, as acknowledged in equation 2.16directly
includes matters of vehicle capacities and operational frequencies. The OR circumscribes in one
parameter the complex nature of public transport demand (i.e. as de<ribed in subsection 2.4.4.),
differentiating through a percentage value the utilized and the available capacity in a vehicle, line
or set of lines. Furthermore, additional elements to appreciate for explaining the OR are: the
critical cross-section of a line, service intervals and direction of the passenger flow (see VDV 2001
and subsection 2.4.4). All in all, the residual capacity is built over a relationship between public
transport supply and demand, and any attempt made to evaluate its magnitude must strictly
adhere to this principle.

2.5. Closing Remarks

An examination of the relevant, state-of-the-art literature demonstrates that there is no clear and
consistent path towards overcoming disrupted circumstances in railway networks with proven
efficiency. As detailed in subsection 2.3, the core of the disruption-management approaches is
constituted by three key operational tasks: schedule adjustment, rolling stock rescheduling and
crew rescheduling. Moreover, it has also been pointed out that parallel to the three operational
problems, a proficient disruption -management also tackles the passenger transport compensation
matters.

The consideration of the existing literature has allowed for an appreciation of the limited line of
inquiry conducted into the inclusion of DRPs within the development of decision-support
mechanisms for disrupted situations. As a result, issuesas the ones pinpointed by Gahemi et al.
(2016) and those intrinsically linked with the objectives outlining the deployment of DRPs have
not yet been fully explored (e.g. rapid transitioning to steady operations). While much of the
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attention has beenfocused onthe development and validation of the DRPoperating concepts (see
subsection 23.3), issues behind the deployment of their operational or t ransport concepts on the
actual disrupted situations have not been fully addressed (see subsection 2.3.3

The literature review has also allowed evidencing the lack of methods able to simultaneously and
purposefully addressmore than one of the three disruption-management issues (subsection 2).
Whereas feasible approaches that deal with the schedule adjustment during disrupted situations
already exist, their emphasis is on the exploration of exact solutions by means of microscopic
infrastructure models or exact mathematical optimization techniques. As a consequence, the
existing real-time decision-support models tend to disproportionately exchange the ability to
include a wider set of disruption-managementissues for securing a more exhaustive assessment
of solutions. A prime example of this is the limited extent to which existing models deal with rolling
stock, crew rescheduling issues or the scope and components behind their evaluation functions.

Operating Concept Transport Concept
Process Existing Research Process Existing Research
Development Evaluation of DRPs onthe | Chu etal. (2012); | Validation of DRPs on Brauner and
Ph:se basis of their transitional Chu (2014); the basis of their Oetting (2019),
phase Brauner (2019) transport concepts Partially Addressed
Nakamura et al.
On the actual operating (2011) Passengeiflow and Not addressed until
situation Not addressed until behaviour this point
Deployment . .
this point
Phase
On the actual availability Not addressed until | The actual availability | Not addressed until
of infrastructure this point of alternatives this point

Figure 2.9 Existing research voids within planned disruptionmanagement (by author)

Furthermore, relying on the existing literature e xamined in subsections 2.3 and 2.4, as well as the
overall framework supporting the planned disruption -management approaches that hae been
depicted in figure 2.6, the voids which have not been addressed thus far can be clearly mapped
out. The identified v oids for both the developmental and deployment levels of the operating and
transport concepts are displayed in figure 2.9.

Initially, the proficient development and evaluation of the DRP operating concepts have been
addressed by the methods and models intoduced by Chu et al. (2012), Chu (2014) and Brauner
(2019). Moreover, the development of transport concepts and the validation of the resulting DRPs
based on passenger welfare has been approached introduced in Brauner and Oetting (2019).
However, the pas®nger intermodal rerouting strategies utilized to develop the measures within
the transport concepts havenot been included or been validated against the capacity limitation of
the existing public transport means.

Moreover, there is little research available that addresses or supports the deployment phase of
both operating and transport concepts. Currently, the implementation of the DRP operating
conceptsto the actual operating situation is currently conducted manually by dispatchers. Only
the approach of Nakamura et al. (2011), addresses this specific issughowever, it fails to address
any of the pitfalls identified in Gahemi et al. (2016). The same can be concluded for the adjustment
of DRPs to the available infrastructure. Correspondingly, there are na available approaches that
allow a dynamic deployment of the DRP transport concepts to the actual operating situation and
their dynamic adjustment to the available infrastructure.
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3. Objectives and Overall Approach

3.1. General Objective

The importance of railway systems within the urban environment and their relevance as critical
infrastructures has been clearly underlined throughout section 1. As with other critical
infrastructures, the inherent complexity of railway systems accentuatesthe imminence of the
ocaurrence of disturbances and disruptions during their operations. Since the rescheduling of
railway operations is a convoluted task (see subsection 2.2 and 2.3),decision-makers must take
critical and complex decisionswithin uncertain circumstances in short periods of time.

As discussed in subsection 2.3, each of thelecisionstaken by dispatchersfor the handling of the

disrupted operations is of high relevance for the overall efficiency of the network, ultimately

affecting passenger welfare to varying exents. To uphold, as much as possible, the operational
quality during a disruption and swiftly address the randomly induced circumstances, decision-
makers rely on: coping mechanisms (e.g. DRPs decision-support software, etc.) and the
availability of specialized resources (e.g. experienced dispatchers)Consequently, the development
of enhanced support mechanisms for disruptionrmanagement (e.g. decisiorsupport models) is of
central importance as they allow dispatchers to rapidly ascertain more informed solutions and

reduce reactions based on subjective factors.

An examination of the relevant, state-of-the-art literature indicates that there is no clear and

consistent approach to addressing disrupted railway operations with proven efficiency. The

literature review has highlighted a limited number of methods able to simultaneously and

purposefully address more than a couple of the disruptionrmanagement problems at a time (i.e.

schedule adjustment, rolling stock rescheduling and crew rescheduling) and even fever methods

that simultaneously deal with passenger transport compensation strategies. While feasible
approaches already exist, particularly to support the handling of precise and isolated disruption-

management problems through an adhoc approach,there remains a lack of models that effectively

addressmore than one problem (see subsection 2.3.2).

On the other hand, within planned disruption -management approaches, DRPs are able to provide
a methodological umbrella to handle the disrupted operations. Despite the different obstacles that
characterize the current DRP deployment practices, theirpre-planned operating and transport
conceptsprovide instrumental information to support a comprehensive and structured disruption -
management (see subsection 2.3.3). Thé work addresses the debate ornthe implementation of
planned disruption-management approaches, as P&Btrategiesthat seekto uphold the efficiency,
effectivenessand service quality of disrupted railway networks.

Overall, the present work strives to enhance planned disruption-management approaches (i.e. P&P
strategies) by addressing theexisting voids in the framework supporting the development and
deployment of DRPs. Ultimately, it is by addressing theexisting voids within the discussed P&P
strategies d railway systems that the resilience of these critical infrastructures can be advanced

While DRPs provide an adequate foundation upon which toaddress both disruption-management
and passenger transport compensation problems systematically there are still latent issues
regarding their development and deployment (see subsections 2.3.3 and 2.4). Table 3.1 provides
a summary of the existing researchvoids identified in the literature review, and the specific areas

being addressed throughout this work.
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Table 3.1 Unaffected research voids within DRP Development and Deployment (by author)

Operating Concept Transport Concept
Process Existing Research Process Existing Research
Development Evaluation of DRPs on Chu et al. (2012); Validation of DRPs Brauner and Oetting
Ph:se the basis of their Chu (2014); on the basis of their (2019);
transitional phase Brauner (2019) transport concepts | Addressed inSection 1
On the actual operating Addressed in Passengeiflow and | Not addressed until this
situation Section 2 behaviour point
Deployment
On the actual . The actual _—_—
Phase Lo Not addressed until . Not addressed until this
availability of - . availability of .
. this point . point
infrastructure alternatives

As generalized in table 31, this work covers both the development and deployment phases of
DRPs. Since each of the voids addressed in this work concentrate on a different phase and even
concept of the DRP framework, they are to be regarded as being essentially different and unredted.
Throughout the development of this work, each of these distinct voids will be addressed in a
g n ¢ a@aaraas adtalied in table 3.1.

Initially, the remaining shortcomings within the developmental structure of DRP transport
concepts are addressé in Section 1 More specifically, as discussed in subsection 2.4.5, there is a
remaining lack of approaches that permit to take into consideration the capacity limitations of the
local means of public transport to validate the operating concepts. Evaluating the capacity
limitation of the local means of public transport enables the development of improved passenger
rerouting measures (see subsection 2.4).Section lintroduces the capacity limitations of the local
means of public transportation during the development of passenger rerouting strategies.

The second highlighted area of table 3.1 focuses on the deployment of DRP operating concepts
and the lack of a framework to support and guide their deployment on the actual operating
situation. This remains a mgor source of vulnerabilities, as active dispatcher engagementis needed
to match the actual operating situation of the disrupted network and DRP operating concepts with
the circulating trains, particularly at the beginning of the DRP deployment (see subsection 2.3.3).
Section 2puts forward a framework that supports and guides the dynamic deployment of DRP
operating concepts to the actual operating situation. Such a framework would serve as a semi
automated decision-support tool for dispatchers. The framework can not be regarded as being fully
automatic, as the actual availability of the infrastructure is not yet being supported by the inquiry
(see subsection 2.3.3 and table 3.1).

3.2. Specific Objectives

This subsection describes the specific objectives forach of the Sectionsestablished in subsection
3.1. The objectives are laid out in detail and later complemented with a discussion of their
respectiverequirements, limitations and general development methods.

3.2.1. Section 1i Residual Capacity for Passenger Reouting

Section laddressesthe passenger rerouting measuresduring the development of DRP transport
concepts,where user comfort, as well as transport quality, are the target outcomesto be considered
within the overall structure, as discussed in Brauner ad Oetting (2019) .
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At the outset, the means for the development of DRP transport concepts that are compatible with
the operational concepts are already in place (see subsection 2.3.3 and 2.4).However, the
development of transport compensation strategies that rely on the rerouting of passengers from
the disrupted railway networks to other existing means of public transport does not yet consider
the capability of these systems to withstand ths additional demand. Whereas the ®nstant
availability of public transport structures permits a swift solution to satisfy the needs of disrupted
passengers as discussed insubsection2.5.5, approaches that can be successfully included within
the DRP validation framework have not yet been developed

An inquiry aimed in this direction is intended to ensure the development and implementation of
transport compensation strategies, namely, theintermodal exchange, which takes into account and
upholds the welfare of railway and public transport passengers For instance, a disruption taking

place during rush hour may radically disturb the capacity of a specific railway line and severely
impact upon its users. In this case, theDRP transport concept would contemplate the rerouting of

passengerstowards other existing means of transport, as a compensation measure Under this
framework, it becomes essential to identify the operating conditions of the means of public
transportation available in the areaand their ability to service the supplementary demand; in other

words: identify t heir residual capacity.

Therefore, the specific objective of the first Sectionentails the development of a model that allows
decision-makersto generate passenger intermodal rerouting strategiesthat take into consideration

the residual capacity of local public transport systems within any operational environment. In this

way, the strategies within the DRP transport concepts, which must still be negotiated and validated
by local public transport operators, can be developed based on a much more representate
consideration of the actual operating environment, thus, enhancing their quality.

3.2.2. Section 2i Dynamic Deployment of Disruption Programs

Section2 addresses the development of a framework that supports thedynamic deployment of the
DRP operating concep to the actual operating situation. Until now, this task, including the overall
disruption-management problems has been completed manually by the dispatchers. As pointed
out in subsection 2.3.3, the manual deployment of the line-specific DRP operating cacepts is not
reliable. Overall, the current deployment practice is highly influenced by subjective factors (e.g.
dispatchers experience) where the reaction times are inadequateand due to the complexity of the
problem, the basis upon which decisions aremade is limited in scope. Therefore, a semiautomated
system that supports the dynamic deployment of the DRP operating concepts would prove highly
beneficial.

Existing approaches, which are almost solely based on aghoc disruption-management principles
(see subsection 2.3) often perform an exhaustive bottom-up search for precisesolutions and derive
complex models that can not support actual dispatching practices. Decisiorsupport systems
designed to address disrupted situations by means of highly contexispecific approaches have an
overall marginal benefit, as they can not be adapted and generalized due to their complexity. While
the quality of the solutions obtained through exact and context-specific approaches is upheld, they
are forced to leave aside awider set of critical influences. For example, approaches that rely on
exact methods like the ones discussed in subsection 2.3.2 permit to computea very detailed
solution for a specific interaction between trains within a given portion o f the network. How ever,
they do not take into consideration the effects on broader aspects, for example, the influence of
the solutions on the circulation plan of the affected trains. Such characteristics have a direct impact
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on the overall disruption -management, as it resticts the share as well asthe extent of disruption -

management problems that may be addressed andultimately, the dispatching measures that may
be utilized to address the disrupted operations. All in all, imposing a significant number of

constraints during the handling of the disrupted operations to uphold the accuracy of the solutions
radically limits the ability to adapt and provide comprehensive management of the disrupted
operations.

The specific objective of the secondSectionis to fill the existing gap by developing asystem capable
of gathering the benefits of the already developed and tested linespecific DRP operational
concepts and supporting their dynamic deployment on the actual operating situation of the

disrupted network. Overall, this Section must address the four improvement recommendations
introduced in the work of Oetting and Chu (2013) (see subsection 2.3.3). It is expected that by
introducing existing DRP operating concepts within a semiautomated decisionsupport
mechanism, the necessay means to pre-emptively diagnose the effects of the disruption from a
line-specific standpoint, supporting a more effective and efficient transition to stable operations,

may be attained. At the same time, with the integration of current dispatching practices within

such a decisionsupport mechanism, all relevant solution possibilities for the affected lines vis-a-

vis the actual operating situation induced by the disruption are explored, and the practical

relevance of the proposed solutions is upheld.

Consequently, the specific objective of the second Sectionentails the development of a dynamic
DRP deployment system which must not only focus on the actual disrupted situation in
correspondence to the chosen DRP operating concepthut also on securing that the disrupted
network is capable to transition to stable operations. Ultimately, as a decision-support tool that is
based on the linespecific measures foreseen in thechosen DRP operating concept, the expected
outcome of such a dynamic DRP deployment syem is to derive a conflict-free schedulewith the
sufficient quality to secure its practical implementation and which secures thecapability of the
disrupted railway network to transition to the stable phase as foreseen by the DRP operating
concept

3.3. Content Limitation

In this subsection, the limitations of each of the Sections are identified, considering the
characteristics of each specific void in the framework of DRP development and deployment.

First and foremost, due to the complexity and size of the addressedproblems, a developmental
field valid for both Sectionss acknowledged. The selection of a developmental field would permit
to ground the analysis within a solid context and ensure that the derived frameworks fit a concrete
structure. In this regard, selecting a developmental field would frame the approaches within an
actual operating environment, like the operating structure and magnitude of the railway networks
being considered. Ultimately, the resulting frameworks can be later adjusted to fit different
developmental fields.

In the context of this work, commuter railway networks stand as an adept developmental field as
they have been utilized before in previous models as discussed in subsection 2.3.3. Overall,
commuter railway networks entail mostly homogenous traffic and are also characterized by having
very dense operating programs, particularlyduring peak hours across its mainlines(see subsection
1.3). To this end, for both of the independent Sectionsn this work, the German commuter railway
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Il cr ump®@qf |8uQtheirl réspective DRPsare used as developmental fields tofurther the
objectives of the study.

3.3.1. Section 1i Residual Capacity for Passenger Rerouting

As detailed in subsection 3.2, the first Sectionof this work concentrates on edablishing a model

that allows taking into consideration the capacity limitation of existing public transport means

during the development md n_qgqgqcl ecp pcpmsrgle qgrp_rcegcqg ug
discussed in subsection 2.4, taking into consieration the capacity limitations of available public

transport systems entail an estimation of their residual capacity.

For the identification of the residual capacity of public transport systems, the framework of

capacity planning discussed throughout swbsection 2.4.4, and the complexity behind its
determining variables described in subsection 2.4.4 acquire particular relevance. In this regard,

assessing the residual capacityof any public transport line at any point in its route entails
streamlining key determining variables within capacity planning. Thek mbcj %q cqr gk _r g1
residual capacity is therefore confined within the framework of public transport capacity planning

and management.

Since public transport capacity planning and managementare intrinsically set to cover a long-term
time horizon, it provides the model with a baseline to extend the residual capacity estimation
across the passenger rerouting strategies that want to be incorporated in the DRP transport
concept. However, since these stategies still need to be negotiated and verified with local public
transport operators, only a general rough estimate of the capacity limitation is required.
Consequently, as the model is set to provide a rough estimate of the residual capacity, its overdl
complexity is limited, which enables the prompt appraisal of the modelled circumstances, and
gcaspcqg grg glajsggml gl rfc eclcp_j tcpgdga_ragn
Furthermore, since the model is intended for the validation purposes d already structured
rerouting strategies, it is limited to conduct the estimation of the residual capacity at pre-
established locations in the public transport networks. Thus, the model does not need to support
the modelling of passenger flows,the existence of alternative replacement services(see subsection
2.4.3), the selection of specific corridors or even the specific means of public transport.

All in all, the model is limited to conduct an estimation of the residual capacity of existing means

of public transport instead of its in-depth assessment. Furthermore, since the residual capacity
estimation is used to evaluate strategies within a DRP operating concept, it is limited to addressing

rfc dgpgr rum _gqgcqgqgqkcl r m hpmsadisoydsead in subhskctionf2.d.2. B P N %c
Thus, communication between users, decision-makers and staff members falls outside of the
kmbcj %q bctcjmnkcl r | dp_kcumpi ,

3.3.2. Section 2i Dynamic Deployment of Disruption Programs

This subsection establishes the limitationsof the dynamic DRP deployment sysem as a decision
support tool, which allows deploying a chosen DRP to the actual operating situation.

At the outset, the dynamic DRP deployment system is limited to addressdisruptions in railway
passenger transport, more specifically, in networks with already developed and tested DRP
mncp_rgle amlacnrq, ?q bgqgasqqgcb _ m@_cf*l pEc_ppkc_Is
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asthe developmental field to further assemblethe structure of the system. Thus, the structure of
the dynamic DRP deployment system proposed in this work istailored to deal with disrupted

operations within the commuter railway networks. By focusing theq w q r de&igryqn commuter
railway systems as its developmental field entails that the dispatching measures and the
operational characteristics being considered must be compatible with those applied within

commuter railway operations (e.g. limited overall size of the network, high density of the operating
programs, etc.).

Furthermore, within commuter r ailway operations, the connection between train servicesof the
same network or with train services outside of the system is rarely established. Therefore,
connection conflicts, as described in subsection 2.2.3, are not handled within the dynamic DRP
deployment system. Another important aspect relevant for commuter railway operations,
particularly during disruptions, is considering the movements of empty trains from and to different
parking locations (i.e. shunting movements). While the handling of shunting movements is of
relevance, these are conducted partially only considering the portion until the vehicles have left
the commuter railway relevant infrastructure.

Since the second Qc¢ a r gpuadifito@bjective calls for the development of a dynamic DRP
deployment sygem capable of adjusting ascheduleto the actual operating situation, the system is
framed within the systematic identification and resolution of any conflict types and the dispatching
measures that allow trains and affected ines to overcome the conflicts induced by the disruptive
events. Therefore, for developing and establishing specific components of the dynamic DRP
deployment system within the established implementing field, there are no explicit limitations
regarding the utilization of measures or approaches that have been discussed throughout
subsections2.2 and 2.3 and which support the identification or resolution of conflicts.

Moreover, since the development of the system seeks to fillone of the remaining gaps (see table
3.1) hinderingr f ¢ bcnj mwkclr md rfc BheNdgud disnuptedsituation, e
it tackles the lack of a framework outlining the deployment of the DRP within the transition phase.
Therefore, any forgoing processes are not directlyincluded in the scope d this work. Aspects like
the development of the DRP operating concepts, theassessmenbf the disrupted situation and any
other investigations that need to be conducted beforechoosing a specific DRP from the set of DRPs
available for the network lay outside the scope of this work. So is the moddling of the disruption's
innate characteristics (e.g. disruption length, change of the disrupted situation through time) , for
which existing approaches have already been introduced (see subsection 2.3). By the saetoken,
the adjustment of the DRP operating concepts tothe available infrastructure (i.e. infrastructure
not available due to maintenance or construction works) or the deployment context are also left
outside of the scope of this work, as the dynamic DRPdeployment system is set provide the
necessary platform for their subsequent advancement (see table 3.1)

Furthermore, as it has been dscussed in subsection 2.3 most of the existing approaches
concentrate their computational efforts on addressing one of the three central disruption-
management problems. In particular, existing approaches that provide decision-support in real-
time stress an unavoidable tradeoff between accuracy, the systematic handling of the disrupted
network from a practical perspective, and the computational effort. Nonetheless the dynamic DRP
deployment system as a decision-support mechanism, is directed towards attaining a corflict -free
schedule that deals with more than onedisruption-managementproblem, during actual disrupted
operations and under predefined computational circumstances.While the system is advanced as a
decisionsupport mechanism, it is implemented the moment the DRP has been declared, starting
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the disruption-management process. Consequently, the limits on the coputational effort available
can be shifted with respect to the implementation context to uphold the effective and efficient
handling of the disrupted situation. Thus, to avoid limiting the dynamic DRP deployment system's
practical relevance, the complexity within each of its framework components are considered and
made as efficient and effective as possible. However, to avoid indiscriminate limitations being
included in an attempt to minimize the computational effort, the adequate paths towards adjusting
the overall framework complexity are highlighted within each introduced component.

Ultimately, testing the system in an actual operating environment is not within the scope of this

work. Consequently, not every assumption made to structure the system can bdully validated,

_I'b rfcpecdmpcec* rfc k_gl cknf _gqggqg ggqg ml rfc bcqgge
token, the design of the user interface and visual representations of the system are also not
addressed in this work.

3.4. Requirements

This subsection gathers and discusses the requirements for a model with general validity in line
with the specific objective and limitations outlined in subsection 3.2.1 and 3.3.1.

3.4.1. Section 1i Residual Capacity for Passenger Rerouting

The model must be structured within the selected implementation environment in such a way that
it can be included within the developmental structure of the DRP transport concepts (e.g. Brauner
and Oetting 2019).

The model to be developed as part of this Section must allow decision-makers to generate

passenger intermodal rerouting strategiesthat take into consideration the residual capacity of local

public transport systems. In due course, the model must be capable of performing the residual
capacity estimation on each of the consideed means of public transport in a mode and line-specific

fashion at each established rerouting location while taking into consideration the welfare of local

public transport users (i.e. securing that only the residual capacity of the local means is utilized

for the rerouting of passengers).

Despite that the model must be easily applicable to a broad range of operating situations and
border conditions (i.e. urban and operational characteristics), it must deliver sufficient accuracy
to make its implementation relevant in definite circumstances. Particularly, regarding the time of
day and most specifically distinguishing between peak and offpeak hours (i.e. HVZ, NVZ and
SV2).

The logical structure must not only support a prompt estimation of the residual capacity by
changing its inputs but also ensure that the results provide enough accuracy for decision making.
Therefore, the most relevant features across public transport capacity planning and management
(discussed in subsection 2.4.4) must be strategicallyidentified, isolated and parameterized.

In the same vein, to refrain from structuring a model that requires exceptional and complex
processes to be conducted before its implementationcareful consideration is required to ascertain
the key determining vari ableswithin public transport capacity planning and management.

In the particular case of public transport capacity issues, special attention must be paid to the
determining variables that require an extensive context-specific assessment, thus deepeninghe
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complexity of the problem at hand (e.g. demand dependent determining variables - occupancy).
The handling of these determining variables must be validated and made applicable to any public
transport network without a need for special or local modificati ons.

As discussed in subsection 3.1, the study makes use of the example of German commuter railway
gwgrckg _I b rfcgp BPNgq, Rfgg gg n_prgasj_pjw

necessary assumptions. Therefore, information regarding thepassenger exchange recordso
ascertain the changes in thevehicle-specific occupancy across multiple public transport modes and

networksk sqr ¢ _aosgpchb ugrfagl rfc amldglckclraq

they work in parallel with commuter railway systems. To further uphold the general validity of the
resulting model, information from the most utilized public transport modes should be acquired,
namely, buses, light rail and subway networks.

Overall, the model developed within this Sectionmust not only be able to effectively estimate
public transport capacity limitations within a broad range of operating circumstances but also it
must do so for all available means of public transportation just by observing the most relevant

determining variables A model encompassing these characteristics can be advanced in multiple
ways. That said, the methods used for the development of said model need to be selected such that

they provide enough flexibility to deal with the uncertainties behind the contex t-specific operating
circumstances.

3.4.2. Section 2i Dynamic Deployment of Disruption Programs

The requirements for the development of the dynamic DRP deployment system asdefined in the
specific objectives of thisSection are presented with meticulous detail in the following paragraphs.

As discussed in subsection 3.2.2, the dynamic DRP deployment system is aimed at closing the gap

between the DRP linespecific operational concepts and the actual disrupted circumstances by
establishing a conflict-free schedue with sufficient quality to ensure its practical implementation.
The proficiency of the system is highlighted by its ability to serve asa semiautomated decision-
support mechanism with general validity (i.e. not context-specific) that allows systematicdly
tackling broader disruption-management problemsguided by the DRP operant concepts.

So that the DRPs can be purposefully integratedinto an actual decisionsupport system the
obstaclesengendered by currentimplementing practices must be addressedHere, the static nature
of DRPs and the lack of a clear outline guiding the system to stability, pose themost significant
challenges. Of particular importance are the considerations made in Ghaemi et al. (2016), which
can be immediately aligned with the ide ntified lack of a dynamic DRP deployment framework (see
subsection 2.3.2 and 2.3.3).

At the outset, the dynamic DRPdeployment system must be able to transfer themeasuresdetailed
in the line -specific DRP operating concept to every single train in the netvork. It must do so while
considering the three central disruption-management problems (see subsection 2.3) a special

focus on capacity consumption, thel cr umpi %gq r p _| gqgr g maid the partiaular_ °

charaderistics of the disruption. This also highlights the relevance of trying to avoid discrimination
between trains based solely on the relevance of their slots (i.e. their priority - train services on
expresspassengerslots).

Overall, from current DRP deployment practices, the particular characteristics of the actual
disruption to be considered are:
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9 the time of day of its occurrence (i.e. time of the day HVZ, NVZ or, SVZ),

all affected infrastructural elements,

1 and the actual location of trains circulating in the network as well as their o perating
condition at the moment the disruption has become manifest

=

More specifically, tf ¢ r p_gl g% mn cwhichrrydt lee regagnizedyentgilsinformation
such as their current delay and whether they have been directly affected by the disrupton.

With the specific characteristics of disruption identified , the dynamic deployment system must be
able to adapt the line-specific measures detailed in the chosen DRP operating concept according
to the actual time of day and the trains circulating in t he network with a specific train service
number.

Guided by the chosen DRP operating concept, all trains in the network must be handled utilizing
all dispatching practices available and applicable for the selected implementing field.
Consequently, as thesystem handles all train services scheduled to operate in the disrupted
network, the resulting conflict -free schedule must have a train number and minutespecific
precision.

On the one hand, supporting a train number precision entails ensuring that for the attainment of
the conflict-free schedule, all train services in the original schedule are handled and taken into
account (i.e. train number specific).

On the other hand, a minute-specific precision entails that the conflict-free schedule must include
information about each of the train services with an accuracy of seconds.

As evidenced across the available disruptioamanagement models discussed in subsection 2.3,
before structuring any decision-support system to be implemented within disrupted railway
operations, it is necessary to establish the disruptionmanagement problems that are being
addressed(i.e. schedule adjustment, rolling stock rescheduling, and crew rescheduling). While
tackling all three problems is crucial for proficient management of the disrupted situation, to fulfill
this Q¢ a r gpetifi®apjective, some issues acquire more relevance than others (see subsection
3.2.2).

i) Schedule Adjustment

Firstly, by striving for a conflict -free schedule, itsadjustment requires that all train services in the

l crumpi %q mp gaeegxpliciily hgnalédctd abigecby the actual disrupted operations.
Within the context of planned disruption -management approaches, the successful adjustment of
the schedule demands that each train service is adjustedas determined by its line-specific DRP
operating program in such a way that the network can reach stability without overlooking the

n _qgqclecpg% ucjd_pec,

Moreover, to ensure that the adjustment is ultimately conflict -free, all conflict types discussed in
subsection 2.2.3 must be handled namely, occupancy, infrastructure availability, circulation, and
connection conflicts.

It must be considered that the handling of certain conflict types already involves addressing further
disruption-management problems. Sich is the case of circulation conflicts, which institute the need
to address rolling stock rescheduling matters.
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By the same token, the handling of all conflict types must also be aligned with the commuter
railway operations as the system's implementingfield.

Here, connection conflicts are of particular importance as planned connections are rarely
established due to the dense nature of the commuter railway operating programs. Consequently,
since connection conflicts are, for the most part, nonexistent, the dynamic DRP deployment
system must find adequate means to track and uphold theservice quality of the disrupted network
cvajsggtcjw dpmk rfc n_qqclecpg% ncpgncargtc

i) Rolling Stock Rescheduling

Secondly, to achieve a conflictfree schedule with practical relevance, the rolling stock
rescheduling problem also requires further attention. Existing models that effectively deal with
rolling stock rescheduling are able to address the problem by incorporating an already adjusted
schedule (see subsection 2.3.1 However, existing models do not provide sufficient evidence to
support the feasibility and effectiveness behind handling the schedule adjustment and the rolling
stock rescheduling independently one after the other.

For handling rolling stock rescheduling somewhat in parallel with the adjustment of the schedule,

particular attention must be given to the rolling stock rescheduling tasks which are relevant for

the proficient adjustment of the schedule. From reviewing existing rolling stock rescheduling

models, the central tasks may be summarized as: adjustment of the circulation plans, scheduling
shunting movements, end-of-day imbalances and abiding with maintenance restrictions (see
subsection 2.2.3 and 2.3.1). Since the proposed system must generate a cdiict -free schedule with

a train number precision, the adjustment of the schedule must be conducted in parallel with the

adjustment of the circulation plans. Additionally, the scheduling of shunting movements and
dealing with the end -of-day imbalancesshould still be taken into account to verify the quality of

the adjusted circulation plans.

Furthermore, since the developmental field has been established within the framework of

commuter railway systems, which involves networks with a relatively limited geo graphical size

when compared to other railway networks (e.g. long-distance, regional), vehicle maintenance

restrictions are not particularly critical and can be disregarded. Likewise, since commuter railway

services are intended for daily utilization, no passenger reservations are required. However, to
uphold the service quality and passenger welfare the offered passenger transport capacity
embodied in the vehicle compositions which are appointed to each of the scheduledtrain services

throughout the day, must still be carefully taken into consideration.

iii) CrewRescheduling

Thirdly, crew rescheduling is also necessary for upholding the service quality and the practical
relevance of the strived conflict-free schedule; yet addressing this problem in its entirety would
introduce additional complexity within the dynamic DRP deployment system.

While addressing the crew rescheduling in full is not critical to fulfilling this Qc a r gpexifi®q
objective, one aspectmay still be considered during the development of the conflict -free schedule.
Ensuring that a train is able to reach the specific location (e.g. stations) in the networks where its
crewmembers must be replaced may be supported by the system. Introducing such a constraint
during the adjustment of the schedule and circulation plans would allow the system to further
enhance its practical relevance.

Page76



Therefore, the system mustincorporate the necessary constraintsduring the adjustment of the
schedule and circulation plans to ensure the trains are able to reach specific locations in the
network where crewmembers are being replaced within the duration of the disruption.

As a result, from the review of each of the three disruption-management problems, the proposed
system mustsupport the adjustment of the schedule as well as circulation plans, and indirectly,
incorporating the scheduling of shunting movements, endof-day imbalances, and crew
availability , as overall constraints.

Moreover, as the system is framed within planned disruption-management principles, it must be
aligned with the existing DRP development and deploymentframework. Therefore, not only must

the system acknowledge the existence of the different phases that are involve in the deployment

of the DRPs, which includesthe transitioning of the disrupted operations to stability, but also the

current approaches utilized in their manual implementation (e.g. DRP set-up - see subsection
2.3.3).

In due course, the system ought to be provided with adequate means for efficiently and effectively
exploring as manydispatching measures compatible with the strategies outlined in the line-specific
DRP operating program as possible Dispatching measures supporting the adjustment of the
schedule and circulation plans must be carefully explored for every train circulating in the network
to the extent that they abide by the DRP operating concept of their respective lines, the disrupted
operations, | b r f ¢ | cr u mmansitkgto stablg gperatians. r m

The ability of the dynamic DRP deployment system to suppet the network's transition to stable
operations permits to grasp the relevance behind the handling of trains in the immediate vicinity
of the disrupted section (see subsection 2.3). Consequently, the system musilso be able tosupport
the adequate handling of the queuing of trains in front of stations, particularly throughout stations
in the vicinity of the disrupted sections. Here is where the systemspecific focus on capacity
consumption acquires special attention.

Furthermore, while the focus is centred on handling a disrupted commuter railway network , the
interaction with other railway traffic types (e.g. fr eight trains, regional trains) must also be
supported. However, the ability of the system to support these interactions depends on the degree
of detail in which the information regarding other railway operations is made available to the
system.

For securing a system able to function within the stringent conditions of a decision-support system,
the computational time to complete the deployment of the line-specific DRP operating concept
during the actual disrupted situation must be minimized. Therefore, as outlined by the above-
discussed requirements the conflict-free schedule must be assembled in the shortest time possible
without disproportionately compromising the feasibility of its solutions (i.e. ability to reach stable
operation, explore as many dispatching measures for each train, obtain a conflict as well as
deadlock-free schedule). Nonetheless, as discussed in subsection 3.3,2to further support the
development of a system with general validity, its structure must be made adjustable to better
support the available computational effort.

Overall, the dynamic DRP deployment system developed within thisSectionmust not only be able
to derive a conflict -free schedule by implementing the line-specific DRP operating program to every
scheduledtrain service within the uncertainty of disrupted operations but also guarantee that the

network can transition to stable operations. A dynamic DRP deployment system with such

Page77



characteristics may be advanced following a broad range of different methods. Nevertheless, the
methods utilized for establishing the strived system must be selected considering the extent as well
as the complexity of the addressedproblems, and the needfor a flexible and automatized structure
with general validity able to adhere to a broad range of potential implementation environments .

3.5. Methods

Selecting the most suitable approach toaddressthe problems being tackled in this work requir es
the close consideration ofthe requirements, constraints as well as the targeted outcomes of the
undertaking as a whole. The investigative approach leading the development of boththe residual
capacity estimation model (i.e. Section J and the dynamic DRP deployment as a decisiorsupport
system(i.e. Section 9 envisioned in this research responl to the compound conditions of its objects
of study (i.e. public transport capacity analysis and disrupted railway operations). This subsection
explores different methodological alternatives and derives the logical frameworks required to
fulfill the specific objectives of both Sectionsaddressed in this work.

Overall, the importance of transport infrastructures to the urban dynamic is evident (see section
1). It is clear that together, railway and local public transport networks stand as critical
components within the daily affairs of urban environments. What is more, the entwined character
of mass transport systems themselves, combined with a wide range of urbanunctions, composes
highly complex and interconnected processes and relationsTherefore, the research methodlogy
must recognize and adjust to the complexity behind the problems addressed in each othe models
being put forward.

A substantial number of methods could be applied to structure approachescapable of achieving
the objectivespursuedin both SectionsSubsection 3.5.1 discusses these diverse methods, and later
the most appropriate methodology for each of the Sectionss discussed in subsection %.2. Finally,
from the methodology established in subsection 3.5.2, the structure ofthe overall approach for
each of the Sectionss derived and discussed in subsection 3.5.3.

3.5.1. Overview of the Available Methods

There are different methods that can be utilized to establish the logical frameworks required across
both Sectionsof this work. The available methods are found within the context of Operations
Research, whichis inherently associated with the methods already discussed in subsection 2.2.4.
An overall introduction to Operations Research can be found in the work of Hillier and Lieberman
(2015), and an overview regarding their application within the area of traffic and transport is
provided in Boltze et al. (2007).

Overall, among all available methods, those who facilitate the decision-making and optimization
of assets are of particular interest for advancing the logical frameworks. Such methods have been
utilized in the existing models discussed throughout subsections 2.3 and 2.4. The most employed
methods can be summarized in four general clusters, namely, exactmetaheuristic, rule-based and
fuzzy logic methods. Each of the four clustersis further discussed in the following subtitles.

Exact methods

Exact methods generate an optimal solution through a detailed examination of a number of
uncertainties, making this processa highly composite undertaking. To formulate the problem,
exact methods require strict border conditions, constraints and an objective function. The way in
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which each of these elemens is derived is immediately reflected in the quality of the obtained
solutions. There are multiple approaches within the family of exact methods.

The first exact method considered hereis uninformed searchmethods, such asbrute forcemethods.
Theseonyamacqq rfc npm jck%qg amlqgrp_glrq _Ib bcdglg
of possible solutions. Often these methods apply full enumeration techniques and explore the

search space by arranging it in a structured form (most commonly as a search tee). Due to their

unguided exploration of the search space they have limited efficiency and are better suited to

address problems with small search spaces.

Furthermore, informed search methods, like Branch-&-Bound or A* searchalgorithms, retrieve not
only the constraints and definitions of the problem but also the objective function. This allows
them to establish different bounds in the search space and single out areas that may or may not
be explored. By establishing these limitations, these methods ag able to address more complex
problems. Nevertheless, the computational time grows with the complexity of the problem.

Ultimately, linear programming (LP) and integer linear programs (ILP)are the most common
approaches to deal with optimization problems. Linear programs observe a series of inequalities
to describe the search space, where a solution can only be accepted if it satisfies all conditions
established by the inequalities.

LPapproaches deal with problems within the complexity classP (i.e. problems that can be solved
in polynomial time). The higher the number the constraints and decision variables, the more
complex the problem becomes, which also influences its computation time to find a solution. The
solution in LPis represented as a vector onstituted by real numbers, which must be weighed by
the objective function. In concordance with the context of the problem, the objective function is

either a minimizing or maximizing function.

In the case ofILP, the solution vector and the program handles only integers. TogetherLPand ILP
are recognized asmixed-integer linear programs (MIP or MILP) When integers are allowed within
the solution vector, the search space becomes more complexand the modelling of constraints, as
well as the computational time, becomes problematic. It is common to use relaxation techniques
within ILP approaches, as the means to establish the bounds (i.e. upper and lower bounds) of the
addressed problem and support a much more efficient solution.

Metaheuristics

The complexity of many problems and the circumstances in which they need to be addressed limit

the ability to implement certain methods (e.g. exact). Therefore, it becomes necessary to sacrifice

the accuracy of the solution to obtain a solution within a reduced temp oral timespan or even to

obtain a solution at all. In response to this problem, different approximation methods, also called
heuristics, have been developed. Heuristics allowobtaining a nearmnr gk sk mp 8e mmb
solution to complex problems within muc h stringent temporal limits. The better-known methods
include decompoasition, constructive, and local searchapproaches(Marti and Reinelt 2011, p.19).

Decomposition methods dissect the larger problem into smaller subproblems, dividing it across
both variables and constraints. There are no clear rules to decide how to divide the problem or in
how many sections and this is decided in correspondence with the problem being addressed.
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Constructive methodsstart by assembling an empty framework of a solution and explore the search
space by generating different solutions alternatives and adding the best portions othe alternatives
to the empty framework. This process occurs until the framework is complete.

Local searchapproaches require an initial solution. Then, they explore the search space in the
immediate vicinity of the initial solution by applying certain changes and generating possible
solutions. This is done iteratively until one of the solutions fulfills some predefined criteria.

One attribute of heuristic methods is that they are highly problem-dependent and therefore
tailored to address one specific problem. However, metaheuristic methods are for the most part,
problem-independent. These can be separated into two groups: singlestate and population
methods (Michalewicz and Fogel 2004).

Singe-state methods require an initial solution. Then, they proceed to select and modify certain
aspects of the solution in an attempt to explore the search space. These methods rely on a selection
technique to choosethe aspects of the solution that will be modified to derive better solutions.
This process is repeated until one or more termination criteria have been met. The most common
single-state methods are: Hill Climbing, Simulated Annealing, Tabu Search Iterated Local Search
and Single-State Global Optimization Algorithms.

Population methods are in principle similar to single-state methods however, they consider a
sample of solutions to explore the search space, all of which are involved in seeking the
improvement of the current condition. Examples of population methods are: Ewolutionary

Algorithm, Genetic Algorithm, Particle Swarm Optimization.

The flexibility of both heuristic and metaheuristic methods demands the instituti on of ground rules
to regulate the performance and quality of their solutions . The results must devise three specific
properties in order to prove their proficiency: firstly, the solution must be obtained with a
reasonable computationaltimeframe; secondly, the solution must be near-optimal; and finally, the
probability of providing a deficient solution must be minimized (Marti and Reinelt 2011, p.18).

Rule-Based Methods

Rule-base methods compensate for uncertainties by making assumptionsThis, in turn, makes the
examination process less intrcate, yet they then require robust guidelines that limit their
applicability (Marti and Reinelt, 2011). Rule-based methods can be classified as metaheuristic
approaches and have exchded as machine learning technigues.

At their core, rule-based systens are encoded with expert knowledge as 8f-Thenurules to explore

thesearchspaceRf cw _pc _jgm a_jjcb 8cvncpr qgwqgrckgpup*

and their implementation is limited to search spaces that can be structured following If-Then
npgl agnj cq, Bcncl bgl e ml rfc I sk cp md psjcqg
applicability of a metaheuristic method can be limited, since incorporating too many rules may
render the approach unstable by increasing computation effort Ultimately, the quality of the
results varieswidely, since they are highly sensitive to the adeptness with which the facts and rules
that constitute the system are defined as well as by the search strategy used to move and chose
the different rules.

Fuzzy-Logic

Fuzzy-logic merges abstract concepts with mathematical representation. Through the use othe
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methods have been successfully used to deal with complexatural processes by building models
based on mapping different inputs and outputs (Zadeh 1965). Fuzzy methods have also exched
in dealing with problems with incomplete knowledge or stochastic uncertainty.

Overall, the application of the method require s two tasks: fuzzy modelling and fuzzy optimization.

Fuzzy modelling breaks the problem into a series of causeand-effect functions, which are

transformed and included in pre-defined reference sets. The fuzzy optimization then employs
optimization techniqu es adapted to work within its structure (e.g. fuzzy rule -based methods or
fuzzy linear programming). Finally, the results obtained must be processed once again for proper
interpretation.

3.5.2. Method Selection and Structuring of the General Approach

With the requirements, constraints, as well as the targeted outcomes of each of the Sectionsin
mind (see subsection 3.2) it is essential to adopt a method that delivers an adequate degree of
flexibility and can cope with uncertainty, while simultaneously proving applicable in diverse and
complex contexts.

For the residual capacity estimation model (i.e. Section J), the requirements and limitations (see
subsection 3.3.1 and 3.4.1) outline the development of an approach that must be able to estimate
the residual capecity of a public transport network under the widest range possible of operational
conditions. This implies the absence of strict border conditions in which the analysis is to be
performed. Moreover, the intrinsic difficulty behind attempting to predict and estimate public
transport utilization as a means to derive the residual capacity also denotes a certain degree of
uncertainty that must be dealt with in the targeted model.

For the second Section the dynamic DRP deployment system is projected as a dedign-support
tool to be implemented during real -time operations and aimed at deriving a conflict-free schedule
to address the actual disrupted railway operations. While the intended system counts with the DRP
operating concepts as its overall guideline, the necessity to attain a flexible system with general
validity weakens the existence of any of the stict border conditions that can be derived from the
operating concepts. Therefore, the flexibility of the required system puts further stress on the
computational complexity of the problems which need to be addressed. Overall, the computational
complexity of the problems being tackled (i.e. scheduling, rescheduling) have been deemed to be
NP-hard problems (Brucker 2007. The computational complexity can be further acknowledged
across the single tasks that must be fulfilled during the rescheduling of the railway operations. For
example, the routing of trains throughout a railway station has been reckoned as an NP-complete
problem (Kroon et al. 1997); likewise, Budai et al. (2010) proves that the adjustment of the
circulation plans and the rebalancing of the vehicles amounts to an NP-hard problem. As a result,
exact methods have very limited applicability for addressing the aspects tackled within the second
Sectim of this work.

Adding yet another layer of complexity, the framework in which the models advanced in both
Sectionsof this work must fit within the existing paradigm of DRP development and deployment.
Altogether the above-discussedcharacteristicslimit the eligibility of method that can be employed
for advancing the approaches required in both Sectionsof this work .

From the range of available methods, the majority require specific knowledge of the border
conditions and a clear operational framework in order to foster the development of a
comprehensive and accurate solution. Bilding the necessary approaches therefore, means
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circumventing both the intricacies of public transport user behaviaur and the emergent
uncertainties in railway operations during the advent of a disruption. Consequently, it is
implausible to imagine two exact approachesthat take into consideration all necessary constraints
and are able to perform within the requirements of both of the Sectionsof this work.

Heuristic and metaheuristic methods deliver within their structure the flexibility necessary toshape
the models while embracing their limitations. They do so by sanctioning the use of induction and
analogies through experiences, practice and intuition. Therefore, the ability of these methods to
incorporate compound conditions within the evaluation of the search spaceis particularly useful
to this work.

Both heuristic and metaheuristic methods have beenwidely applied to arrive at solutions based on
bestapproximations, which deal with real and complex problems (Festa, 2014). Not only do they
compensat for existing uncertainties with assumptions that lessenthe effort of the assessment
but they are also able toattain optimal solutions at a local scale through trial and error ( Marti and
Reinelt, 2011). Considering the limitations, analytical conditions and requirements of this study,
heuristic and metaheuristic methods stand among the best alternatives for supporting the
successful development of approaches in botlSections

As discussed in subsection 3.2, the methodology structured to address the specific objectives of
each Sectionof this work is described in detail throughout the next subtitles.

Section 1 - Residual Capacity for Passenger Rerouting

To address the specific obgctive of Section 1 (see subsection 3.2.1), the approach behind the
residual capacity estimation model is discussed.

As discussed in subsection 3.4.1the model must be advanced within the developmental structure
of the passenger rerouting strategies of he DRP transport concepts as a means to incorporate the
capacity limitation issues of the existing means of public transport. Here, two issues are important:
securing a model that supports being included as an assessing tool for the developmendf reroutin g
strategies within DRP transport concepts (for any commuter railway network) and the handling of
the determining variables that require previous appraisal for the estimation of the residual capacity
(e.g. public transport demand or occupancy).

The overal structuring of the model is guided by decomposition and constructive heuristic
methods and assembled through a rulebased algorithm. Initially, the problem is broken down into
sub-problems so that each smaller problem is easier to address. Each sdproblem is dealt with by
following the principles of constructive methods, where every aspect of the problem is to be solved
and later incorporated into the general structure. Ultim ately, aresidual capacity estimation model
can be combined into a rule-based aforithm assisted by graph theory so thatthe objective of
Section 1can be fulfilled .

Following the literature review in subsection 2.5, the residual capacity estimation consists of
contrasting scheduled and utilized capacity. Therefore, considering the mplementation field, the
overall problem can be divided into three sub-problems: estimating the scheduled capacity of the
existing public transport means, estimating the occupancy rate of the public transport means and
ultimately, joining them in the overa Il structure that supports the estimation of the residual
capacity as part of DRP developmental framework.
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At the outset, the scheduling of the public transport assets haseen discussed in detail throughout
subsection 2.44. The approach to address the irst sub-problem advances specific strategies and
generic processes to keep track of the scheduled assets within the public transport network by
singling out only the most relevant determining variables for estimating the residual capacity.
Furthermore, since the model should be able to address the available public transport systems
interconnected with the German commuter railway network (i.e. the test implementing field), only
aspects from these specific systems are supported within the generic processes be included later
in the targeted model.

As discussed in subsection 2.4.4, estimating the occupancy rate is a much more convoluted
procedure. The occupancy rate has a strong connection with then _ g q c |cenplpxgtavel

behaviour. Within capacity planning, passenger public transport demand is studied periodically to
_bhsqgr rfc gwgrck rm rfc sqcpq% I ccbqg, GI rfc a_
to study every single locality nor to do so on a regular basis. Therefore, theneed to conduct
additional evaluations to ascertain keydetermining variables to explain the demand and appraise

the occupancy rate of vehicles can be dealwith in different manners. Frequently, the complexity

of the model is steppedup to match the complexity of the modelled phenomenon. Prime examples

of this are the O-D and passengeiflow simulation models discussed in subsection 2.5.5. However,

these approaches are not compatible with the specific objectives of the model (i.ea prompt and

rough estimation of the residual capacity). One way to offset the complexity is by introducing
assumptions informed on the modelled phenomenon and include a general account of these
_ggsknrgmlqg gl rfc kmbcj %q qgqrpsarspc, Rmated mghb
assumptions need to be tested to corroborate their functionality and legitimacy. The testing the
formulated assumptions requires to capture and processactual operating information from the
implementing field. Although processing the data and testing the assumptions may be astrenuous
process, this only needs to be done once for the overall structure of the model tamaintain limited
complexity and immediate applicability.

By this point, the approach has established the general operating conditions ofhe available public
transport networks and key determining variables necessary to carry the residual capacity
estimation. Ultimately, the two previously discussed sub-problems can be put together into an
overall structure, which permits conducting a general estimation of the residual capacity of the
available public transport as part of passenger rerouting strategies foreseen in the DRP transport
concept being evaluated.

Section 2 - Dynamic Deployment of Disruption Programs

The approach behind the dynamic DRP deployment system is envisioned as a serdutomated
decisionsupport mechanism for the deployment of the DRP operating concepts to the actual
bggqpsnrcb mncp_rgml q, Gl rfgg gqs rgrjc* rfc bwl _
and discussedin detail.

Overall, the envisioned decisionsupport system is framed within planned disruption-management
approaches and aligned with the existing practices that currently support the manual deployment
of the DRP operating concepts to the actual disruptal situation (see subsection 2.3.3). The dynamic
DRP deployment system isintended for delivering a train number and a minute -specific conflict-

dpcc qgafcbsjc ufgjc snfmjbgle rfc | cr Astheméags _ ~ g
toadvance f ¢ cl tgggmlcb qgqwgrck%g |jmega_|j grpsarspec
grpsarspc md rfc Ecpk_I| aamkKKkqurcpbprdjcygpwplcgmuemapig
afmgcl _q rfc qwqgqrck%g bctcjmnkclrr _j dgcj b &qcc
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At the outset, the line-specific DRP operating concepts provide preliminary access to essential
information in the form of a feasible operating program outlining the line -specific measures to
achieve the stable operation of all lines affected by a specific disrupted scendo (see table 2.4).
With the information contained in the chosen DRP operating concept, the line-specific conflicts
regarding the number of vehicles required to service the chosen DRPIlus the geographical extend
of the affected train services can be idetified. Therefore, by contrasting the targeted DRP
operating concept with the actual operating situation in the network, the initial dispatching
challenges that need to be addressed@crossc _ af md r faffecteddimesiantphte potentially
significant dispatching measures that allow tackling these challenges, can be acquired.

While the line -specific DRP operating concepts allowascertaining the initial dispatching challenges

affecting all the trains appointed to a particular line, specific handling measures still need to be

transferred to each individual train (i.e. vehicle -specific level). In contrast, existing approaches

that follow ad -hoc disruption-management principles are conducted uniquely at the vehicle

specific level asthey do not count with the overview of the operating situation across each of the

affected lines provided by the DRP operating concept(see subsection 2.3.1) Thus, a substantial

benefit may be attained from devising adept means to transfer the information contained within

the line-specific DRP operating concepts to each of the trains circulating in the network. In due

course, the adept transference of this information would lay the groundwork to derive a conflict-

dpcc gafcbsjc ufgjc gsnnmpr glogeratofnsc | crumpi %q r p _ |

Consequently, there aretwo core tasks which need to be supported in thisQc a r gpprba¥iy
namely, the transfer of the measurescontained in the line-specific DRP operating concept to each
of the trains circulating in the network (so as to establish the best dispatching measure for every
train), and ultimately, performing the actual schedule and circulation plan adjustment so as to
establishthe strived conflict-free schedulewhile guaranteeingr f ¢ | crumpi %q rp_l qgrg

As discussed at the beginning of this subsection, heuristic methods provide a solid foundation to

build the structure of the strived dynamic DRP deployment system. However there are multiple

heuristic approaches that can be utilized to establish a system that fulills this Qc ar g ml %q
requirements (see subsection 3.4.2). A general overview of two heuristic paths, which are framed

within the two core tasks, are briefly discussed below.

1 Aligned with the current (i.e. manual) DRP deployment practices rule-based methals can
"c srgjgxcb dmp cqr _ " jggfgle rfc bwl _kga BPN b
clear rules and guided by the DRP operating conceptcan be able to support the
transference of line-specific strategies to vehicle-specific dispatching measuresfor all the
trains circulating in the network in correspondence to their respective lines. Within the
8 cvncpr asgewdf diffedent If-Then rules can beestablishedto allocate each train
with the dispatching measure that better fits the actual operatng situation, ultimately,
assembling the strivedconflict-free schedule.

1 Addifferent approach can make explicit use of existing heuristics CDCR processes. In order
to support the fulfilment of the two tasks foreseen within this Section the CDCR process
would need to be implemented across linespecific and vehiclespecific operational levels.
Beginning at the line-specific level, a CDCR process would rely on the DRP operating
concept to identify line -specific conflicts and potential resolution alternative s that can be
transferred to the vehicle-specific level. Later, the line-specific resolution alternatives can
be systematically appointed to the trains, where a different CDCR process this time

Page84



implemented at the vehicle-specific level would derive the strived conflict-free schedule.
Additional heuristic or metaheuristic methods can be included to develop the necessary
process within every step of the approach

The first approach relies on the utilization of rule-based methods which requires establishing a
decision-making structure that must cover every possible instance. Such aconvoluted structure
would not be compatible with the need to establish a system with a flexible and generally valid
structure (see subsection 3.4.2) Additionally, in order to support the allocation of specific
dispatching measures following I-Then rules, the interaction between different trains would need
to be systematically categorized and prioritized. Prioritizing the handling of trains is not aligned
with the need to perform an exploration of the broadest range possible of potential solutions
required to uphold the practical relevance of the proposed system(see subsection 3.4.2) On the
other hand, the second approach requires advancing a system with a structure able to suppdrall
the essential processes required to address the CDCR (i.e. identification, classification, sorting and
resolution of conflicts). The need to support such a broad range of processes without a clear set of
constraints would stand as an obstacle for theneed to secure an effective and efficient system.

While each of the abovediscussed approaches bring about their own particular set of obstacles, a
combination of both heuristic paths is expected to deliver a much more robust structure. As a
result, the approach presentedin this Sectionrelies on the existing heuristics coupled rule-based
methods, which are extended fromthe existing DRP implementing practices(see subsection 2.3.3)
Overall, the resulting approach seeks to enhance the effectiveness andfficiency of the resulting
system as it differentiates between linespecific and vehiclespecific operational levels and
incorporates within each of these levels a CDCR approach supported by rules derived from actual
DRP deployment practices.By projecting the CDCR process ortwo operational levels, the resulting
approach would differentiate between line-specific and vehiclespecific conflicts, which would
simultaneously introduce two specific needs. On the one handdifferent elemental conflict solution
alternatives as a set of predefined dispatching measures should be examined for their capability to
solve conflicts at each one of the operational levels being handled by the system. On the other
hand, oncedifferent conflict resolution alternatives have been established at the linespecific level,
these must be applied at the vehiclespecific level.

Initially, at the line -specific operational level, disruption-induced conflicts affecting entire lines,
which may only be identified by means ofthe implementation of an DRP operating conceptare
identified as line-specific conflicts. The identified conflicts can be adeptly classified and sorted as
in existing CDCR approaches (see subsection 2.3), which would also allow establishing potential
conflict solutio n alternatives that better address the identified conflict. Once potential line -specific
solution alternatives have been identified, thesemay betransferred at the vehicle-specific level. A
vehicle-specific CDCR approacttan be later utilized to systematically explore the implementation
of the potential line -specific solution alternatives on every train circulating in the network and
establish a series of candidate conflictfree schedules. Ultimately, an evaluation function targeted
at establishing the beg possible combination of measures appointed to the specific trains would
permit to identify the best possible conflict-free schedule among all generated candidates.

The approach within each of the operational levels is discussed in detail throughout the Pllowing
paragraphs.

i) Line-Specific Level
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At the core of the line-specific operational level stands both the DRP operating concept and the
elemental conflict solution alternatives, which are to be implemented across all lines affected by
the disruption and seeking their transition to stable operations.

Once the best fitting DRP operating concept from the set of DRPs available for the network is
manually chosen for the specific disruption, the dynamic DRP deployment systemcan be
implemented. At the outset, the chosen DRP operating concept should be setip, as discussed in
subsection 2.3.3. The DRP operating concept and its setip would permit to identify line -specific
conflicts, which should be classified and sorted in a line-specific conflict list so that they can be
resolved.

Line-specific conflicts constitute operating challenges that can only be addressed by considering
the line as a whole and can not be isolated to an individual train. In the context of the planned
disruption-management approaches (seesubsection 2.3.3), line-specific conflicts are directly
related to the chosen DRP operating concept and the opeating situation of the network. This
implies that the measures detailed in the line-specific DRP operating concept, since they have been
developed to cope with one precise disrupted scenario (see subsection 2.3.3), may facilitate the
means to identify the line-specific conflicts. Therefore, through a close consideration of the
measures thatcan beimplemented as part of a DRP operating concept (ge table 2.4), two different
line-specific conflict types can be derived.

On the one hand, the existence of either a surplus or lack of vehicles circulating in the network

can be ascertainedin correspondence to the disrupted operating situation of a line and due to the
af |l ecq dmpcq_u gl rfc jglc%wg mncp_rgle npmep_k ¢
result, vehicle availability would constitute the first line -specific conflict to be addressed by the

system. On the other hand,due to a complete blockage of the network induced by the disruption

or the DRP operating conceptof a line, a train can not service their originally planned route and

would fail to reach all of the stations appointed in its schedule As a result, reachability conflicts

would constitute the second line-specific conflict to be addressed by the system.

A classification of the identified line -specific conflicts, aligned with existing CDCR approaches (see
subsection 2.2.3), would support the identification of potential conflict solutions alternatives at
the line-specific level (i.e. dispatching measures). The identifiedpotential conflict solutions can be
appointed to the trains servicing a given line from a bundle of predefined elemental conflict
solution alternatives, as foresean in by the requirements (see subsection 3.4.2). With said
information, a series of conflict solution alternatives can be isolated for every single train in order
to solve the line-specific conflicts that affect their lines.

The development of the conflict resolution alternatives at the line-specific operational level
amounts to allocating the potential conflict solution alternatives at the line -specific level to each
of the trains circulating in the network. However, every conflict solution alternative th at is
allocated to a train can be further combined with a spatial exploration of different alternatives as
well. This would entail a combination of the conflict solution alternatives appointed to a train and
rfc rp_gl %q _ " gj gr w ctural elpreents Expanding thes seardh of diffekedtp g r p s
options to solve the line-specific conflicts (e.g. rerouting alternatives, turning stations outside of
the commuter railway system). Furthermore, abiding by the system requirements (see subsection
3.4.2), the circulation plan of each of the vehicle or vehicle compositions that constitute the train
must also be adjusted. Since the adjustment of the circulation plan entails exploring a series of
potential transition train services from a given line that can b e appointed to the vehicle or vehicle
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composition, this problem should also be also addressed at the line-specific level. Consequently,
the development of comprehensive conflict solution alternatives at the line-specific operational
level would require a combination of three basic components (i.e. handling alternatives) for every
single train circulating in the network:

1 potential conflict solutions alternatives to address conflicts at the line-specific level (i.e.
dispatching measures)

9 infrastructural elem ents that support in the processof solving the line-specific conflicts,

9 potential transition train services to adjust the circulation plans.

Every single one of the solution alternatives developed for a train would have a differentinfluence

on the operating situation of the disrupted network. Since the system requirements foresee the
exploration of as many alternatives as possible to derive the strived conflict-free schedule, the
necessary means to combine the differensolutions and derive the conflict resolution alternatives

at the line-specific level should be established (see subsection 3.4.2).

The development of the conflict resolution alternatives at the line -specific level can be conducted
based on different approaches. On the one hand, the solutbn alternatives can be developed
separately by focusing individually on each of the three basic components described above. This
approach would entail differentiating the exploration of solution alternatives in time and space for
the adjustment of the schedule and transition train services for the adjustment of the circulation
plans. Furthermore, it would also require the means to align and combine the solution alternatives
so as to later identify the ones that are more compatible with the actual operating situation of the
network. On the other hand, the conflict solution alternatives can be developed considering a
selection and combination of all three basic components together. For this approach, a process that
is able to conduct a spatiotemporal exploration of the solution alternatives for the adjustment of
the schedule combined with an exploration of potential transition train service for the adjustment
of the circulation plans must be derived.

The approach that foresees the individual exploration of alternatives can be supported by a

heuristic exploration (see subsection 3.5.1), which starts with one of the three components and

systematically reduces the possibilities until it establishes one or more alternatives for each of the
components. While this approach would allow a very efficient exploration of the solution

alternatives for every train, the lack of a comprehensive understanding of their combination on

the operating situation would most likely reduce and simplify the search space to a degree in which

the solutions would not be compatible with the system requirements (see subsection 3.4.2).

The approach that considers the exploration of conflict resolution alternatives covering all three
basic components would entail a heuristic process (see subsein 3.5.1), which allows the
systematic combination of the handling alternatives and the establishment of conflict resolution
alternatives that encompass all three basic componentghat constitute the handling alternatives.
Whereas this approach would support the development of a wide range of solutions for each of
the trains as it combines different alternatives from the list of components, it would also require
to generate multiple conflict resolution alternatives for every train in the network. Such a th orough
exploration of the search space may have a substantial influence on the complexity of the whole
system and on the required computational effort. However, if the necessary means to curb the
complexity are incorporated in the approach, it would be the most compatible with the system
requirements (see subsection 3.4.2).
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Therefore, under consideration of the benefits and drawbacks of each of the considered
approaches, the linespecific conflict resolution alternatives should be developed byan approach
that contemplates all alternatives simultaneously, and it is able to curb the complexity in the
development of the conflict resolution alternatives.

Aligned with the chosen approach, the development of the conflict resolution alternatives may be

conducted by establishing Potential Vehicle Specific Conflict Solutions in Time and Space (PVSCS)
for every single train that services the respective line. The different PVSCS should beeveloped

under consideration of the two disruption -management problems being adressed by the dynamic
DRP deployment system, namely, the adjustment of the schedule and circulation plans.

A series of PVSCS can be generated for a traiby merging key line-specific elemental conflict

solution with a series of potential transition trai n services for the modification of its circulation

plan and a series of infrastructural elements considering itsactual location in the network. Like

this, each PVSCS would contain the fundamental spatiotemporal information and a set of

transition train sept gacqg rm qgsnnmpr rfc qgwqgrck%qg a_n_"gjgr
circulation plans, as foreseen by the requirements. In addition, it would also support the

exploration of different dispatching measures that can be appointed to the train (see subsetion

3.4.2.). Ultimately, all PVSCS developed for a train can bestored in a set of PVSCS

So that the quality of the resulting conflict -free schedule can be reinforced, the widest range
possible of relevant PVSCSfor every single train in the network is to be developed. However, in

order to ensure the effectiveness and efficiency of the systenas discussed in the requirements (see
subsection 3.4.2), the complexity during the development of each PVSCSs to be limited .

One alternative to limit the comple xity is to guarantee that only technically and operationally
feasible PVSCS are introduced in the resulting PVSCS set of every train. The models reviewed
throughout subsections 2.2 and 2.3 provide general principles that can be utilized to assess the
technical and operational feasibility of each PVSCS. For example, utilizing the principles discussed
in Brauner (2019) (see subsection 2.3.3) and where certain alternatives are deemed to have
operational feasibility , if they permit to achieve stability, and technical feasibility , if the train model
matches the infrastructure requirements along its route.

Another alternative to curb complexity is to limit the interaction with other trains in the disrupted
network by considering an empty network during the development of c _ a f  rPNSC&.I Thix
alternative would amount to the introduction of the two -step repairing heuristics utilized in models
like Chiang et al. (1998) or Budai et al. (2010), where an initial solution is established only to be
repaired in later steps. In the case of the proposed approach, the limited interaction between trains
during the development of each PVSCSmay be addressed in later steps. The twestep repairing
heuristic is particularly compatible with the envisioned structure as conflicts between trains can
be handled at the vehicle-specific level.

Another alternative to curb complexity is to avoid the need for performing complex rescheduling

procedures during the development of each PVSCS. Since all PVSCS would be repaired in later

steps @& foreseen by the twostep heuristic, during their development, complex spatiotemporal
_bhsqgrkclrg rm c_af md rfc rp_glg% mpgegl j qgafochb:e
can also be avoided. Therefore, an approach similar to the rightshift rescheduling heuristic

introduced in Acufia-Agost (2009) can be implemented. The right-shift rescheduling heuristic is

_gchb ml rfc srgjgx_rgml md _ rp_gl %q mpgegl _j qgaf
etc.) to derive an initial solution by following the assumption that the best possible solutions will
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"¢ ajmgc rm rfc mpgegl _j gafcbsjc &qcc gs qcargnm
original schedule can be utilized as a baseline to derive the spatiotemporal infemation of the train
during the development of each of its PVSCS.

As a result, the complexity during the development of each PVSCS$nay be curbed by merging two
approaches. First, the two-step heuristic, which foresees to develop each PVSCS by consideringha

empty network. Second, the right-shift rescheduling heuristic, which foresees to utilize as far as
nmgqqgg jc rfc gn_rgmrcknmp_j gl dmpk _r gml md ctcpw

i) VehicleSpecific Level

The vehicle-specific level counts with the set of PVSCS for every train generated at the linespecific
level as a collection of conflict resolution alternatives. The PVSCS for every train ought to be
selected, combined and s j r g k _drgcvjsyltgmagcally to generate the candidateconflict-free
schedules.

Aligned with the overall structure of the approach, a heuristic approach needs to be advanced to
manage the selection of the PVSCS for every train so as to assemble a PVSCS combination. Every
assembled PVSCS combination would contain oa PVSCS for every train in the network, which
would provide a framework for the adjustment of schedule and circulation plan of the network
that simultaneously addresses the linespecific conflicts. Since the individual PVSCS have been
developed consideringan empty network, the resulting PVSCS combinations must be subsequently
fixed by means of anautomatic vehicle-specific CDCR process (see subsection223). The fixing of

a PVSCS combinations entails resolving all vehiclespecific conflicts until it is conflict-free, as
foreseen by the system requirements (see subsection 3.4.2).

Abiding by the requirements in subsection 3.4.2, the combinatorial heuristic in charge of
assembling the PVSCS combinations and vehiclepecific CDCR processshould be purposefully
designed to provide a special handling of the trains queuing near the disrupted section. In this
way, the approach ensures that not only a conflictfree schedule can be attained but also the
transition of the network to stable operations is adeptly supported (see subsection 3.4.2).

Furthermore, since the vehiclespecific CDCR processelies on a systematic handling of conflicts
based on apredefined bundle of elemental conflict solution alternatives for all four conflict types
that must be handled, namely, occupancy, infrastructure availability, circulation and service
conflicts (see subsection 3.4.2), different conflict resolution alternatives can be developed The
elemental conflict solution alternatives can be combined to generatea respective set of onflict
resolution alternatives for every identified conflict. For the automatic selection of the alternatives
and aligned with the requirements of this Section(see subsection 3.4.2), anevaluation function
would permit to ascertain the best possiblesolution alternative and in due courseg fix the generated
PVSCS combinatios. To further reinforce the quality of the CDCR process, ~4{ mmi_b % np mnc
must be included in its structure, as discussed in exiting models insubsection 22.3. The look-
ahead property would enhance the quality of the solutions and further support the automatic fixing
process of thePVSCS combination at every step of the CDCR process.

Moreover, as discussed in subsection 2.2.3, the systematic handling of trains end their respecte
conflicts follows either a synchronous or asynchronous approach. While the information of other
types of railway traffic is available to ambiguous extents and the dynamic DRP deployment system
must focus on capacity consumption (see subsection 3.4.2), ke handling of trains in the dynamic
DRP deployment system or any occurring conflicts is to be handled synchronously.
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Since everyassembledPVSCS combination has the potential of establishing a resulting conflict

free schedule, the fitness ofevery fixed PVSCS combinatiommust be ascertained. The fithess should
be established through an evaluation function, which may or may not be aligned with the one

utilized with the CDCR process.The fithess of every assembled®VSCS combinationanay also be
utilized to further guide the development of new PVSCS combinatios, and as a benchmark for

terminating the system.

The structure of the overall evaluation function may be arranged in modules, as the ones detailed
in subsection 2.2.3. A modular structure allows a flexible configuration of determining variables
that must be weighed and normalized so that they can be easilyadded, removed orcompared with
one another. The normalization of each of the determining variables entails that each of them has
its evaluating structure established from the samepoint of view (e. g. temporally) and permits to
handle any conflict resolution alternative regardless of the conflict type, which is being resolved.
As a result, the evaluation can be performedindependently for specific purposes For example,
during the vehicle-specific CDCR process to establish the best conflict resolution alternative that
can be utilized to solve one specific conflict or to ascertain the fithess of the fixed PVSCS
combinations.

Due to the automatic nature of the CDCR processes, it is possible thathe resulting conflict-free

schedule contains train services that have spatiotemporal misalignments from their original

schedule which are not operationally necessary. The misalignments are induced due to the
implementation of specific conflict resolution measures to addressany of the handled conflict types

at an individual step of the systematic CDCR process, andnce all the trains have beenhandled,

and the schedule is conflictfree (i.e. fixed), they becomeoperationally unnecessary. For example,
a shift in time appointed to a train at the entrance of a station to solve an occupancy conflict in

the switching zone may become unnecessanas one of the conflict partner s is later rerouted to a

different platform track to solve a circulation conflict. These measures are referred to as
8unnecessary (e.g. unnecessary shift in time). A similar problem has been handled in the model

of Chiang et al. (1998) (see subsection 2.2.3).

To uphold the quality and practical relevance of the resulting conflict-free schedule, specific
processes are necessary to identify and remove unnecessary measures. While the removal of
unnecessary measures can be conducted during th€DCR process at the vehiclespecific level, it
would make the fixing process of the PVSCS combinations moreomplex. As detailed by Chiang
etal. (1998), if the removal of unnecessary measures is conducted in parallel to the CDCR process,
the removal would require the algorithm to jump back in time to portions of the schedule, which
are already conflict-free to remove an unnecessary measure. Thus, the process would inherently
interfere with the synchronous process and run the risk to create infinite computation loops (see
Chiang et al. 1998). Consequently, the removal of unnecessary measureshould be conducted
once the PVSCS combinationshave been completely fixed.

Ultimately, abiding by the requirements detailed in subsection 3.4.2, special attention must be
given to the effectiveness and efficiency in which the gstem is able to derive the strived solution
(i.e. train number and minute -specific conflict-free schedule). For this purpose, the approachthat
may be chosen to generate the PVSCS combinations and thepeed with which the assembled
PVSCS combinationgan be fixed (i.e. made conflict-free) would influence the amount of handling

alternatives that can be assess# for each of the trains in the system. Therefore, © further enhance
the efficiency of the system and indirectly its practical relevance, the heuristic approach in charge
of the management and assembly of PVSCS companions must be carefully selecteddditionally,
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the CDCR processhould be able to fix the assembled PVSCS combinations (i.e. make the PVSCS
combinations conflict-free) in the fastest way possible. In this regard, it is anticipated that the
above-discusseddifficulties can be partly addressed by incorporating in the system the simplicity
and built-in modelling precision of the enhanced macroscopic modéling technique introduced by
Oetting and Griese (2016a, 2016b), which may be limited to fixed -speed models.

3.5.3. Overall Structure of the Approach

Based on the methodology detailed for each of theSectionghroughout subsection 3.5.2, the overall
structure of each of their approaches is derived am discussed in the following subtitles. Within
each of the subtitles, a detailed account of the overall structure of the resulting approach for each
md r f g Gectiomsip prokided.

Section 1 - Residual Capacity for Passenger Rerouting

The first Secton of this work is aligned with the requirements, limitations and general approach
established to generate the public transport residual capacity estimation model to be applied for
the assessment of DRP transport concepts.

At the outset, the model%q rhapprpach is broken into three fundamental parts.

Initially, based on the literature review (see subsection 2.4), the determining variables with the
most relevance for conducting an estimation of the residual capacity are identified, and general
assumpions for their handling are proposed. The parameters are identified by distinguishing two
general groups namely, scheduled operational parameters and demand related parameters.

Subsequently, the proposed assumptions are verified by contrasting them withactual information
related to public transport capacity utilization. The operational information is gathered from
different public transport modes and processed explicitly to verify the assumptions. Ultimately, the
verification sets the groundwork to operationalize the residual capacity estimation based on the
parameters established in the first part.

Finally, the actual model and its overall structure are introduced. The resulting public transport
residual capacity estimation model incorporates in its structure the identified parameters, verified
assumptions and is advanced alongwith the approach discussed in subsection 3.5.2.

Section 2 - Dynamic Deployment of Disruption Programs

Abiding by the secondQ ¢ a r mathiodiblqgy, the dynamic DRP deployment sysém is constituted
by specific processes distributed acrosswo operational levels.

C_af md rfc npmacqgqgcqg bcr _gjchb gl rfc bwl kga E
arranged into a module, thus, deriving a modular structure. Structuring the systems into a modular

structure would render the approach to bepurposefully adaptable to different railway traffic types

(e.g. regional traffic), easier to upgrade and permits the modules to be implemented independently

for different purposes.

Asaresult, hegwqgr ck%q mtcp _jj ~nnpm_af gq amlqgqrgrsrch
depicted in figure 3.1. However, it is likely that further technical and situational heuristics need to
be introduced along each of the operational levelsin order to fulfil | specific tasks.
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and manages the reyuire input information to be utilized within the system. The inputs are
accompanied by module 2, which comprises all predefined and ready to use elemental conflict

solution alternatives. The alternatives are introduced in bundles for every conflict type handled by

the system across both its operational levels.

Subsequently, a series of three consecutive modules constitute the linespecific operational level
of the system. The three modules embody the first step in the twostep repairing heuristic approach
discussed in subsection 3.5.2. The first module, namely, module 3, entails the setip of the chosen
DRP operating concept on the actual disrupted situation. Later, module 4 supports the
identification and classification of t he line-specific conflicts acros all disrupted railway lines. This
allows establishing potential dispatching measuresalternatives that can be appointed to each of
the j g | tcaltsy an address the identified conflicts. Based on he most suitable dispatching
measuresattained in module 4, module 5 generates aset of operational and technical feasible
PVSCS for every train. At this stage, the PVSCS alternativeare developed considering an empty
network; thus, they do not consider the interactions between different trains.

Thereafter, a sries of three nested modulesare in charge of combining, fixing and assessinghe

already developed PVSCS for every train,while keeping track of r f ¢  gwqgr ck%qg a _n
transition to stable operations. The three nested modules are complemented by ondast module

in charge of adjusting and selecting the best conflictfree schedules. As a result, the four modules
constitute the vehicle-specific operational level of the system and the second step in the twestep

repairing heuristic.

The first of the three nested modules, namely, module 6, may be regarded as the engine of the
approach. Module 6 is in charge ofselecing specific elements fromc _ a f  rsqi of BMS@&pnd
by means ofa combinatorial metaheuristic, it assembles the selectedPVSCSnto combinations.
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Module 7 fixes every assembled PVSCS combinaticio secure they are conflictfree. The assembled
PVSCS combinatios are fixed with an automatic CDCR process that supports the handling of
occupancy, infrastructure availability, circulation and service conflicts.

Thereafter, module 8 is in charge of assessig the conflict resolution alternatives generated in

module 7andg | aj s lbakq@head *np mncpr w* uf gaf r-upiconflictsgThe m _ ace
general calculations rely on typical railway operations science methods, such as the application of

driving times, occupancy time calculations and minimum headways. The same module is in charge

of deriving the fitness of the fixed PVSCS combinations (i.e. conflictfree schedule), which are

referred to module 6 to guide the development of further PVSCS combinations and verify the

system terminating criteria.

Finally, from the set of candidate conflict-free schedulesdelivered by module 6, module 9 is in
charge of adjusting schedules, and ultimately,set ar gl e rfc qwqr ck%q npmnmqg

Each of the nine modules depicted in figure 3.1is briefly detailed and summarized in the following
subtitles.

Inputs

Considering the methodology which divides the system into two operational levels, four
fundamental inputs are identified as to be particularly necessary to support the processes that have
been foreseen within each module that constitutes the system.

First, the DRP operating concept respective to chosen DRP, which has been manually selected to
addressthe specific disruption. Furthermore, an infrastructure model of the investigated railway

l crumpi rf _r gg _jgelcb wugrf rfc qwgrck%g pcos
operational information of the network, which adeptly reflect s the disrupted operations. Finally,

the original schedules and circulation plans of each of the train services from the investigated
commuter railway network.

Overall, the first module is in charge of collecting, managing and processing the required input
informatio n. The first module handles the information as is required across the subsequent
processes in the system.

Elemental Conflict Solutions

The module of elemental conflict solutions is a repository of predefined measures to solve conflicts
across both line and vehicle-specific operational levels. As discussed in subsection 3.5.2, at the
line-specific level, two conflict types are handled by the system, namely, vehicle availability and
reachability conflicts. Furthermore, at the vehicle-specific level, four conflict types are handled by
the system, occupancy, infrastructure availability, circulation and service conflicts. The elemental
conflict solutions under consideration are briefly introduced in subsection 36.2.

Within this module, the elemental confl ict solutions are clustered in bundles, constituting ready to
use alternatives that can be immediately implemented by the system. The bundles of elemental
conflict solution alternatives are established based on current dispatching approaches, existing
models as well as manual DRP deployment practices. Every conflict type being handled by the
system is appointed with a bundle of elemental conflict solution alternatives. As a result, there are
six different bundles within this module.
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The first two bundles contain a series of predefined measures that can be utilized to address line
specific conflicts. The manual DRP deployment practices have mainly been reflected in the
structuring of these two bundles of measures.

The following four bundles have been estabished to address the three vehiclespecific conflict
types handled by the system. Ultimately, instead of connection conflicts a bundle of elemental
conflict solution alternatives to address service conflicts is also supported in the module.

DRP Sewp

The DRP setup module, as its names suggest, focuses on theet-up of the chosen DRP that better
fits the disrupted situation. 2q gr f _q "~ ccl bggasqgqgqchb gl rfc
3.3.2), choosing the best fitting DRP from the set of available DRPs for the network is not within
the scope of the system.

Overall, once the DRP has been chosenits operating concept is setup following the approach
detailed in subsection 2.3.3. As such,the DRP setup consolidates a linkage between the actual
operational circumstances throughout the disrupted network and the line -specific DRP operating
concept of every | c¢ r u ngffdctéagline. Nonetheless, since the module is based on arexisting
DRP setup, the approach is retrofitted so that it is compatible wit h a dynamic deployment of the
DRP operating concept.

With the retrofitted processes, the enhanced DRP setip is able to provide a much representative
overview of both the operational condition of both the network and each of the trains, at the early
stagesof the disruption -management.

Line-Specific Conflict Identification and Establishment of Potential Solutions Alternatives

Having already set-up the DRP operating concept in the system the next module endeavours the
identification of the two line -specific conflict types. Inspired in existing CDCR approaches (see
subsection 2.2.3), the module performs the first diagnosis of the disrupted operations by
identifying, classifying and sorting the line -specific conflicts for every affected line in the network.

The two conflicts types identified at this level are: vehicle availability and reachability conflicts,

which reflect the operating condition of a line immediately after the occurrence of the disruption.
This module is targeted at establishing the best fitting line-specific elemental conflict solutions that
can be applied to any of the trains that provide service to each of the affected lines.

Development of PVSCS

The PVSCS development module is in charge of developing different PVSCS for every train in the
network, ultimately, instituting the respective PVSCS sets. Overall, the module incorporates the
already establishedpotential conflict solution alternatives corresponding to addressther p _ g | -%q
specific conflicts and utilizing a right-shift rescheduling approach it develops multiple PVSCS for
the train. Before they are introduced inthe r p _ BUS@SBset, the developed PVSCS are assessed
to corroborate their technical and operational feasibility .

Different PVSCS for a train are developed through a sytematic merger of one of the potential
conflict solution alternatives, a specific route throughout the network that is complemented by the
respective temporal information (e.g. arrival, departure times to and from nodes) and a set of
alternative transition train services to adjust the circulation plan. These three elements guided by
a right-shift rescheduling approach while considering an empty network, allow deriving one
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particular PVSCSfor a given train. The resulting PVSCS constitutes a conflict resoltion alternative
at the line-specific level that contains explicit spatiotemporal information and a set of transition
train services. Additionally, t he technical and operational feasibility of every resulting PVSCS is to
be verified over similar grounds asin Brauner (2019). As a result, only the most relevant PVSCS
are introduced in the resulting PVSCS set of a train.

Assembf the PVSCS Combinations

Incorporating the PVSCS sets for all trains established in the previous module, the PVSCS
combination assemby module is in charge of the selection, assemblage, and subsequent
management of the PVSCS combinations. The module selects specific PVSCS from the PVSCS sets
of every train circulating in the network to assemble the PVSCS combinations which are to be
fixed in subsequent modules.

The module is based on combinatorial metaheuristic algorithms, which allow endeavouring an
efficient and effective selection, assemblage and management of the different PVSCS
combinations. Since the module is in charge of managhg the development of the PVSCS
combinations, it must be able to communicate with the assessment module. The module utilizes
the communicated information to explore the search space in such a way that the specific
objectives of the system can be supportednamely, establish a conflictfree schedule and transition
of the network to stable operations.

VehicleSpecific CDCR Process

The fixing of PVSCS combinatiors is conducted with an automatic CDCR process, similarto the
one advanced in Oetting et d. (2011), and Oetting et al. (2013) for occupancy conflicts. The
existing approaches are expanded to support the handling of infrastructure availability, circulation
and service conflicts.

The module supports the identification of vehicle-specific conflicts, the synchronous sorting of
conflicts in a conflict list, the development of conflict resolution alternatives and communication

with the assessment module to update the conflict list as conflict resolutions are selected.
Furthermore, the module also supportsthc pc os gp.cfbc HHjummai_n_ "~ gj grw md
provides a framework to identify follow -up conflicts. Each of the process conducted in the module

is aligned to enhance the handling of queuing trains in the critical area, particularly in the vicinity

of the LtfTS.

Assessmentof the Conflict Resolution Alternatives and the Fixed (i.e. ConflEtee) PVSCS
Combinations

The assessment module incorporates the conflict resolution alternatives generated in the previous
module and evaluates the alternatives uilizing an evaluation function. The evaluation function is
established following a similar structure as the one introduced in Oetting et al. (2013).

The evaluation function is constituted as a modular structure with specific determining variables
that are weighted and additively connected with each other.

Furthermore, once the PVSCS combinations are made conflietree (i.e. fixed), the evaluation
function is in charge of establishing its overall fitness, which is to be communicated to the PVSCS
development module.
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Adjustment and Selection of the Conflidtee Schedule

Once the termination criteria in the exploration engine (i.e. PVSCS development module) has been
fulfilled, the resulting set of candidate conflict -free schedulesis communicated to the adjustment
and selection module.

The adjustment and selection module is in charge of adjusting the conflictfree schedules (i.e. fixed
PVSCS combinations;) namely, removing the unnecessary measures and adjusting their fitness.
The module performs the adjustment of the conflict-free schedules based on the approach
introduced in Chiang et al. (1998) and expanding it to support a wider range of unnecessary
measures.

Finally, with the conflict -free schedules and their adjusted fitness, the module is in charge of
selectingtheconflictd pcc qgqafcbsjc rf_r “crrcp dgr qQuar dmlk %g
specific objectives.

3.6. Basic Terminologies

This subsection introduces basic terminologies that are utilized within each of the Sections
advanced in this work. The terminologies are extracted from the discussed literature and their
utilization in current practice.

The outline of basic terminologies is later complemented by definitions introduced to support the
development of each of the Sectiors of this work. The definitions are introduced so asto support
the lack of appropriate terminology within available literature and to refer to any new frameworks
contributed throughout this work.

3.6.1. Section 1i Residual Capacity for Passenger Rerouting

Spatial Terminol ogy

Air Distance

The air distance is understood as the idealized and immediate (i.e. lineal) measured physical
distance between two points in a map. The term is utilized to highlight the fact that no physical
obstacles or detours are considered when measung the distance between the considered
locations.

Detour Factor

The detour factor is a parameter utilized to account for the actual distance between two points in

an urban environment when only the air distance is available. The detour factor allows considering

obstacles that need to be sorted between origin and destination points. The detour factor is
expressed as a function of the measured air distance, as explained by Walther (1973).

Temporal Terminology

Temporal Categories

As discussed in subsectior2.4.4, commuting flows or congestion patterns are said to fluctuate
throughout the day. The regularity with which the aforementioned fluctuations take place in a
specific network can becategorized in different time windows, as peak or offpeak hours.
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The temporal categories refer to the time of day in which a specific strength in the commuting

flow (i.e. transport demand) can be recognized. As it has been explained in subsection 2.4.4, in

German transport and traffic planning three fundamental temporal categories are identified,

|l kcjw 8F_snrtcpicfpgxcgrpy &FTX'* §Lmpk _jtcpictf
(SVZ) (see Schnieder 2015).

The HVZ denotes the time an weekdays with the strongest transport demand in a specific network
(e.g. public transport network). The HVZ is also referred to as the peakhour and may take place
more than once per weekday (Lopez et al. 2017). The NVZ denotes the time of day with a
somewhat constant demand in the network and in most cases takes place between peakhours.
Finally, the SVZ indicates the time of day with expected low demand in the network. Within public
transport networks and depending on the local mobility culture, the SVZ tends to take place around
the beginning and or end of operations as well as during weekends.

Public Transport Capacity Related Terminology

Scheduled Capacity

The scheduled capaity refers to the planned passenger transporting capability of a public transport
line, which results essentially from the frequency and the overall size (i.e. pass@eger hauling

capacity) of the utilized vehicles (Dorbritz and Anderhub 2007). The passenger hauling capabilities
takes into consideration both sitting and standing places of a public transport vehicle.

Regardless of the studied mean of public transport, the scheduled capacity of a public transport
line is measured in passengers/hour and can beadjusted throughout the day to better fit with the
changes in demand(Schnieder 2015).

Utilized Capacity

The utilized capacity refers to the quantity of scheduled capacity of a public transport line being
utilized by passengers as a result of theexisting demand. For capacity planning purposes,
establishing the actual demand within a public transport network and its respective shifts
throughout the day entails an analysis of actual user behaviour information (Schnieder 2015,
Dorbritz and Anderhub 2007).

Occupancy Rate (OR)

The occupancy rate refers to the overall share of the scheduled capacity of a public transport line

that is being utilized (Crespo and Oetting 2018). Since the occupancy rate relates both scheduled

~I'b srgjgxcb a_n_agrgcqg 9q gl fcpclrjw bcnclbeclrr
behaviour and the scheduling of public transport services.

3.6.2. Section 2i Dynamic Deployment of Disruption Programs

Spatial Terminology

Infrastructural Element

An infrastructure element stands for any infrastructural component that supports the movement
of a train throughout the physical railway network (e.g. switching zones, platform tracks, or
tracks).
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As discused in subsection 2.2.2, infrastructural elements are abstracted by means of a modelling
technique. Consequently, the term infrastructural component may also refer to the abstract
representation of the elements, as per the granularity supported by the utilized modelling
technique. For example, inthe case of a mesoscopic infrastructure model, the term may refer to
platform track and or switching zoneswithin nodes or tracks represented by a linkconnecting two
nodes.

Network

The term network refers to the set of lines that are planned in order to satisfy the demand that
exists for railway transport ( AcufiasAgost 2010). Each of the lines that constitute the network is
planned in such a way that it seeks tominimiz e operating costswhile maximizing the overall share
of passengers with direct connections @cufia-Agost 2010).

Trunk Line

Rf c rpsli jglc* gl SkEwmmskeckgr* pgegd ¢ p pgeccba rrgnml_gmd8 r f ¢ | c
if not all lines, share a portion of the track (Oetting and Chu 2013). Due to the overlapping of

pmsrcq md bgddcpclr jglcqg* rfc rpsli jglc gq af _p

service intervals. The trunk line is of particular relevance, as it is the most travdled section of the
network ; thus, a bottleneck prone to the occurrence of disruptions. Oetting and Chu explain:8 Y - [
trunk lines form the bottlenecks of the systems as the entire network is subject to delays if there is a
bggpsnrgml d2013rpf8yq qgcar gml , p

Core Area of the Network

The core area of the network is the portion of the commuter railway network that concentrates
the significant share of the operations detailed in its operating program. The core area includes
rfc lcrumpi %q rpsli jglc _I'b gl gmkc a_gcqg* mrfecp

Figure 3.2 provides an actual example, depicting the core area of the SBahn network of the city
of Frankfurt am Main. Figure 3.2 details the different stations which constitute the core area. In
the figure, the trunk line can be identified between the central railway station (i.e. FFT - see figure
322 _I b rfc hslargml S<afguedad r f mdp &g, c, DQFD
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Figure 3.2 Example of the core area of a commuter railway network (Kremer und Rink 2016)

Given the metropolitan nature of the commuter railway networks, the core area is most likely
located in the city center, and it is either the source or objective of most passenger trips being
serviced by the network.
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EndBeginning Station

End or beginning stations refer to stations specified in the schedule in which a train service either
terminates or begins its service. The end and beginning station of two consecutive train services
are generally the same.Potthoff et al. explain: 8A service trip (commonly known as train)s operated
on a line, where a line is specified by a start and an end station and a number of intermediate stpps.
(2010, p.494).

It is possible that a train is scheduled to drive from an end station to a station where it is supposed
to begging its subseuent train service. The drive between end and beginning stations is performed
with an empty train and referred to as a dead-headed trip (Wagenaaret al. 2017).

Line CycleVariants

Rfc jglc awajc t_pg_Ilrq pcdcp r netweeh succepsive tran_ | t
gcptgacg &qcc qgqs qcar gml o,o0,/", Rfc qgn_rg_|j t
pckmt _j mp gs qrgrsrgml md mlc mp kmpc qr _rgmlg
which may or may not involve end/beg inning stations (Cao 2017). In due course, the variations

gl rfc jglcwg pmsrc _ddcar rfc amknsr _rgml md rf

Turning Station

-

? rsplgle qr _rgml pcdcpqg rm _ qgqr _r gmh(.gtuningf g af
is technically feasible. The technical feasibility denotes the availability of the necessary

gl dp_qgqrpsarsp_|j cjckclrqg gl rfc gr _rgml &c, e, qu
ability to change its driving direction. End stations are the best example for regular turning

stations, as it is relatively common that turns between consecutive train services need to be
scheduled at these stations (Chu 2014)

DRP Turning Station

The term DRP turning station has been introducedin the work of Chu et al. (2012) and refers to

a station in which the DRP operating concept foresees thesystematicturning of trains during the

disruption. DRP turning stations are appointed line-specific, the closest possible to the disrupted

section to uphold as muchofaj gl ¢ %q pcesj _p qgcptgac _ g mncp_rgm

As detailed in table 2.4, a maximum of two DRP turning stations can be appointed for every line

on each side of the disrupted section. DRP turning stations may or may not beappointed to stations

that _ pc gl grg_jjw glajsbcbabRPr sficglje | agregr gnplg eqgd _ms |
original route, the strategy is recognized as a: deviation with replacement (see table2.4). Finally,

DRP turning stations may be considered end stations for all Green trains until the DRP has not

been withdrawn.

Last technically feasible turning station (LtfTS)

The last technically feasible turning stations (LtfTS) refers to all reachable turning stations the
closest to the digupted section. The LtfTS provid estrains with the last opportunity to turn before
reaching the disrupted section. During a complete blockage, any train that finds itself beyond the
LtfTS is either the cause or has been irreversibly affected by the disrupbn (Oetting and Chu 2013).
A LtfTS may also be recognized as a DRP turning station byhe chosen DRP operating concept.
Additionally, during a disruption that generated a complete blockage of a section, dividing the
network into two different sides, the LtfTS may also be considered the end station for all train
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services that are not able to follow the DRP operating concept of their linesand are scheduled to
drive past the disrupted sectionduring a complete blockage.
Deviation Points

Deviation points are referred to as specific locations in the network in which a train can deviate
away from its scheduled route (Brauner 2019). It must be noted that deviations foresee the

amknjcrc af _lec md _ rp_gl %q bpgt gl e rmuldbg for | b

| mr

cv_knjc* rfc rp_gl %g pcpmsr gl e aré gsmappointed inteegt c | [T

DRP operating concept, as detailed in table2.4.

Relative Time Measuring Points

?qg bggasqgqgchb gl gs qgcar gml 0, latiyedtime id prgjegtédeandmn c p _ r ¢

measured across a series of points throughout its route. Measuring points register the arrival,
departure, or drive-through time of a given train (DB Netz RIL-420, 2017). As explained in
B%?pg_I m &0. . 6"* pdsimaybe,forexadmple, theslastghloak sentiongoefore the
end of a line or dispatching area, a junction, or a platform track .

Actual Location of the Train

A train's actual location refers to recognizing its position within the infrastructure at a specific
moment in time. It is of particular importance for the dynamic DRP deployment system, as it allows
pinpointing the location of all trains circulating in the network at the moment the system is being
implemented.

Parking Locatiors

Parking locations refer to any railway facility in which a train can be shutdown. Parking locations
are located all around the network, the most relevant being: shunting yards, deposits, shunting
tracks, platform tracks in stations, and depending on the context even sidings in which vehicles
are routinely shutdown (Menius and Mathhews 2017). It is also usual that these locations are
utilized for further shunting operations in preparation for the scheduled operations , namely, the
formation of vehicle compositions, cleaning, refuelling, etc. (Menius and Mathhews 2017).

?bbgrgml _jjw* rfcqgc jma_rgmlqg f _ tparkingsgaae ks timited.
This means that only a certain total length of units can stay parked in depots at any point in time.

(2017, p.233).

In the case of passengertrains, since multiple train services end and start their operations at
important railway stations, their parking locations are typically shunting tracks located within or

in the vicinity of these locations (Menius and Mathhews 2017). However, as parking locations can
be appointed at any available track within a station, their capability to handle and host passengers
must also be considered. Such verification is imperative for the dynamic DRP deployment system,
as it allows corroborating the need for additional shunting movements between platform tracks
and parking locations to be scheduled.

Temporal Terminology

Time of Day (HVZ; NVZ; SVZ2)

Refer to: Temporal Categoriesdetailed in subsection 3.6.1.

q
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Estimated Disruption Length

The estimated disruption length refers to the overall duration of the disruption. In the context of
planned disruption approaches the disruption length is the time between the disruption
occurrence until the network is able to return to normal operations (see figure 2.5).

However, for the dynamic DRP deployment system, the disruption length, which must be fed into

the system, refers to the remaining time between the moment the DRP has beexdeclared (i.e. end

of the investigation phase - see figure 2.5) until the network returns to normal operations. This
information is of critical importance , as explained by Ghaemi et al.: § ? | cgqgclrg_j
information that has a crucial role in their decisions regarding the traffic is the predicted disruption

length. Since any change in the timetable is costly, if the predicted length is shorter than a specific
rfpcgfmjb rfcl rfcw kgefr bcagbc | mr(20t8m.1g3k nj c kc |

Minimum Transition Time

The minimum transition time refers to the smallest operational time required to complete the
transition of a vehicle or vehicle composition between two subsequent train services. Three
fundamental transition types can be included in the circulation plan of a vehicle or vehicle
composition, hamely, turning, coupling, and decoupling of trains (Chu et al. 2012).

Minimum values for each of the transition types are detailed within network guidelines , for
example, in the German infrastructure manager guideline DB Netz RIl-402 (2008). The guideline
DB Netz RIL-402 (2008) establishes benchmark values for minimum transition times to be utilized
for planning purposes. The proposed values take into consideration the minimum time required to
fulfill all operational and practical procedures as are necessaryfor the respective transitions.

1 As a minimum turning time, the guideline DB Netz RIL-402 (2008) foresees a minimum
benchmark value of 6 minutes. Chu (2014) provides much more detailed insight and
sl bcpgampcqg rfc pmjc md _ ityrofponegor ®aq driyers.|Teer f I
recommended minimum turning times provided in Chu (2014) are for long trains and
equateto 2 minutes for two drivers.

1 As minimum coupling time for trains with automatic coupling, the guideline DB Netz RIL -
402 (2008) introduc es a minimum benchmark value equal to 5 minutes. The minimum
coupling time is to be accounted for from the home signal to the station of the last vehicle
to be coupled until the departure of the resulting vehicle composition.

1 As minimum decoupling time for a train with automatic coupling, the guideline DB Netz
RIL-402 (2008) foresees a minimum benchmark value equal to 3 minutes. The minimum
decoupling time is to be accounted for from the arrival of the vehicle composition to the
station until the departure of the first resulting train service

Minimum Communication Time

The minimum communication time refers to the time necessary to transmit any dispatching
decision or order from the dispatcher to the respective staff member (e.g. driver, signallers, train
station personnel, etc.) (Stelzer 2016).

The communication time during disrupted stations has been discussed in Chu (2014), where the
author explains that the communication time acquires common values between one to four
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minutes. For the dynamic DRP deploynent system, a benchmark value at the upper limit of 4
minutes, as the minimum communication time, is recommended.

Minimum Communication Timeto Passengers

The minimum communication time to passengers refers to the time necessary to transmit the
relevant information (e.g. platform track changes, cancellations, delays, etc.) to the passengers
across the respective stations.

The communication may take place through a broad range of channels and deliver the information
with different detail (Boltze and Dinter 1996). The degree of detail that is required remains as a
function of the changes being implemented across the train services (Stelzer 2016).

The minimum communication time to passengers must be accounted for from the moment the
dispatching decision has keen taken. Since the information mustbe transmitted between different
actors (e.g. dispatchers, stations personnel, etc.), the recommended benchmark value must be at
least as high as the minimum communication time (see subsection 3.6.2). Therefore, it is
recommended for the dynamic DRP deployment system toassume 6 minutes as the minimum
benchmark value for the communication time to passengers.

Minimum Platform Exchangelime for Passengers

During the adjustment of the schedule, it might be necessary to ctange the platform track of
multiple trains, aspect which hasan immediate impact on its users. Consequently, the rescheduling
process may be able to consider the impact on its users by supporting a minimum time, which is
required for passengers to exchangdhe platforms (Stelzer 2016).

The minimum platform exchange time is a highly context-specific feature, which can be expressed
as a function of the platform lengths, the distances between platforms and among others, the need
to utilize elevators or stairs (Stelzer 2016). Furthermore, in large and busy stations, crowding

would also influence the time required to complete the exchange. During the planning process,
the aforementioned aspects are considered for the planning of connections between train service

The values utilized during schedule construction may also be utilized for the dynamic DRP

deployment system.

Minimum Time for Emptying a Train

For trains being removed from the network towards a parking location, the driver must make sure

that all passengers have alighted from the train. Therefore, a minimum time for emptying the train

must be takeninto consideration. Brauner explains: 8The occupancy times of the tracks where this
measure is pursuit consist of preparation times for the continuation ofé run with and without
changing the direction. They include, among other things, a complete alighting of passengers and an
additional train inspection.u (2019, p.24).

Brauner (2019) details three specific times to be considered for the emptying process. itially, it
is necessary to account for the time required until all passengers have alighted from the train.
Subsequently, the driver must physically check if the train is effectively empty. Finally, the time
until the driver has returned to its driving ¢ abin must also be accounted for. Nonetheless, the train
may also require a change of driving direction (i.e. turning), a task which can be fulfilled
simultaneously with the emptying of the train (Brauner 201 9). As a result, the minimum time for
emptying the train observes both a minimum time with a change inr f ¢ r doiving dif&dion
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and one without. For commuter railway vehicles (i.e. considering the length of the vehicle and the
walking speed of the only driver) a minimum time for emptying the train e qual to 12.5 minutes
without changing the driving direction, and 10.8 minutes with a change of driving direction , may
be implemented. The first value is higher as the driver must return to its original cabin.

Scheduled Arrival/Departure/Drive Through Times

The scheduled arrival, departure, or drive-through time refers to the time at which a train should
arrive, depart, or drive-through a measuring point according to its schedule (DB Netz RIL 420,
2017).

RelativeTime

Relative time is the temporal difference between the scheduled and the actual time in which a
train is registered at a measuring point (DB Netz RIL-420 2017). Therefore, the relative time is
gncagdga dmp ctcpw kc_gspgle nmglrlled.j ml e

Projected ArrivalDeparture/ Drive-Through Times

The projected arrival, departure, or drive-through times are calculated on the basis of the current
relative-time of a train throughout all measuring points along its route that is still to be trave lled,
and if applicable, considering any available journey or stopping time reserves. The projected
arrival, departure, or drive-through times are calculated by the control system for all remaining
kc_gspgle nmglrq _I b m  gcpt(DBNetz-4202017).p _ gl %q

Furthermore, for the calculation of the projected arrival, departure, or drive-through times, any
dispatching measures being implemented must also be considered (DB Netz R#420 2017).

ProjectedRelativetime Change

The projected relative-time of atrain is ascertained from the difference between the projected time
and the scheduled arrival, departure, or drive-through times throughout all measuring points along
_rp_gl %g p mslled(DRNetg RI-420 201.7). The prgjectdd celative-time at stopping
positions must be verified for both arrival as well as departure times and considering any
dispatching measures being(DB Netz RIL-420 2017).

Expectedrelativetime Change

ro_

gl

bpgtg

The expected relativetime change mpge gl rcqg dpmk rfc bgpraectgdc | ac

relative-time before the implementation of a dispatching measure (i.e.conflict resolution) and the
projected relative-tim e after the implementation of the dispatching measure. The outcome may be

pcbsar gml mp gl apcelayc gl rfc rp_gl %qg mtcp _jj

On-Time Trains

On-time trains are all trains that can be considered to be punctual. The consideration is made by
including a threshold limit in which trains , although they might carry a certain amount of delay,
can still be referred to as being pundual (Hansen and Pachl 2014). The threshold limit is set
context-specific; for example, in Germany, the value is 6 minutes (Hansen and Pachl 2014).
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Initial Delay

Initial delays refer to the delay recorded at the entrance of the train to the dispatching area under

consideration (Hansen and Pachl, 2014). However, in the specific case of the dynamic DRP
deployment system, the initial delay is recognized as the delay, which is recorded for every train

up to the moment the dynamic DRP deployment system is implenented.

Negative Turn

A negative turn refers to appointing a train a change of driving direction and a transition train
service in the opposite direction that would ensure a delayed start after its turn. Figure 3.3 depicts
a generic example of a negatie turn appointed to a train at the LHfTS. In the example, train service
S35535 is scheduled to turn at station A and appointed as transition train service the train number
S35536. After considering a minimum turning time at the station, the train is set to start with a
delay.

B / Legend \
‘ F D D : {;I a'"X' D Station
§35535 — J_-L - ol A

DRP - Turning station

:  Last technically feasible
E turning station (LtfTS)
B Train

Projection of the train’s
actual run

Scheduled train run

Minimum turning time

Figure 3.3 Example of a negative turn (by author)

From figure 3.3, it is possible to appreciate the negative turn as a function of not only the transition
train service that is appointed to a train but also the turning station which is chosen. Negative
turns are utilized in Brauner (2019), during the development of DRPs to verify the feasibility of
their operating concepts.

Positive Turn

A positive turn refers to appointing a train a change of driving direction and a transition train
service in the opposite direction that would ensure its punctual start after its turn. Figure 3.4
depicts a generic example of a positive turn appointed to a train at the LIfTS. In the example, train
serviceS35535 is appointed as transition train service the train number S35536 and it is scheduled
to turn at station A. The train is set to start punctually after a minimum turning time is considered.
An additional waiting time at the station until its schedule d departure, is also required.

i M M - - / Legend \
35535 E_H : i H"x (] station

2 DRP - Turning station

...... s Last technically feasible
_____ I ¥ tuning station (LHTS)
»

Train
§35538 | |  eeers Projection of the train’s

- actual run

—_——T === Scheduled train run

- | Minimum turning time

t K Time until punctual st?y

Figure 3.4 Example of a positive turn (by author)
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UnnecessaryVaiting Times

Unnecessary waiting times refer to temporal shifts that have been utilized during an automatic

CDCR process to address a given conflict, and due to the development of the operating
circumstances (e.g. resolution of further conflicts), the measure is no longer necessary (i.e.
unnecessary) (Chiang et al. 1998).

Unnecessary temporal shifts are removed fom a conflict-free schedule to enhance the quality of
the solution. However, once removed they may induce follow-up conflicts that still need to be
addressed (Chiang et al. 1998). As a result, a holistic removal of unnecessary temporal shifts entails
acoounting for a trade -off between their total or partial elimination and the introduction of new
measures required for the resolution of any induced follow-up conflicts.

Cycle Time

Rf ¢ awaj c r dghe totalpirnedbetpegn twors@ccessive departaref the same train at the
same station in the same directigm as displayed in figure 2.2 (Hansen and Pachl, 2014, p. 43).

Servicelnterval

As part of a cyclic schedule, it is possible to recognize for a given line operating in the railway

| ¢ r u mfixed sched@lled time interval betweentraips &F | gcl _ I b N_afj* 0./ 2
interval embodies the temporal timespan between the arrival at the same station of two successive

train services of the same line andwith the same driving direction.

Il rfc amlrcvr fixed schédgled timermgeival betwéeatrals gg pcdcppcb r
service interval. The service interval is specific for every line in the commuter railway network,
and it can fluctuate throughout the day to cope with p assenger demand

Service Interval Reinforcement

Rf c gcptgac glrcpt _j pcgldmpackclr pcdcpg rm _bl
schedule within a particular time window. The service interval reinforcements reduce the service

interval of a line to enhance the service quality, for example, during peakhours (i.e. HVZ).

Typically, the train services working as service interval reinforcement are the first ones to be

removed in case of a disrupted situation of the railway network (Chu 2014).

Scheduling Terminology

Train Service

A train service refers to the single planned movement of a train in the network and constitutes the
basic components of the operating program (see subsection 2.2.1). Train services contain essential
information regarding the train movement they represent. Cao (2017) summarizes the information
contained within a train service in:

1 beginning and end stations (i.e. origin-destination pair),

1 routes and stopping patterns,

1 configuration characteristics and dynamic behaviou of the model train, vehicle, or vehicle
composition to be appointed (e.g. train length, acceleration and deceleration patterns,
ect.),

9 exact blocking times, arrival, departure, and drive-through times across the route,
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1 recovery times and dwelling time reserves.

Schedule

The schedule comprises all planned train services for a given network or portion of the network.

The schedule is planned with months and even years of anticipation, ensuring that all train services

can operate reliably (Hansen and Pachl 2@.4). Therefore, the schedule includes not only all train

services but their operating order, their timing at junctions, switching zones as well as platform

tracks, and built-g | "sddcp rgkcqg rm _tmgb b,dHpnsem and Paoim _e _r gn
2014).

Schedules are particularly planned to be robust, which allows them to cope with minor
perturbations within real -time operations. However, no schedule can deal withthe occurrence of

significant delays,orr f ¢~ j mai gl e _ 1 c¢ | r g p Thusytheaadjustmént oktBe%? p g _ | r
schedule is indispensable during disruptions.

Circulation Plan

The circulation plan comprises information regarding the transition of vehicles and vehicle
compositions between the different train services as well as informationregarding the type of the
scheduled transition (Nielsen et al. 2012). Depending on the network, there are, in general, three
basic types of transitions between train services namely, turning, coupling, and decoupling (DB
Netz RIL-402 2008).

The circulation plan is closely connected to the schedule as the transition of the vehicles between
train services must bein line with the planned operations (Nielsen et al. 2012). Thus, if there are
any adjustments performed in the schedule or changes in the number 6 vehicles available, it is
almost certain that the circulation plan needs to be adjusted accordingly (Budai et al. 2010).

Lines

The term line refers to a route along the railway infrastructure connecting two end stations. A line
is appointed to a seriesof train services (AcufiazAgost 2010). The train services service the route
along the line with a given frequency or a pre-established service interval (AcufiazAgost 2010).

Corresponding Lines

Corresponding lines refer to lines that can exchange vehicles owehicle compositions between their
scheduled train services during the adjustment of the schedule (Nakamura et al. 2011).
Corresponding lines generally belong to one corresponding group at a time (Nakamura et al.
2011). Figure 3.5 provides a general examge of the layout of different corresponding lines.

]
I T
P S | — 1 J
1 F 1 F 1F 1 /—
ﬁ)ﬁ)ﬁtﬁ@{ﬂz [ Legend )
~_ - A D Station
ﬁ | J EW@ ﬁLIE —— Line
. —— Corresponding
E < \ Lines

Figure 3.5 Example of corresponding lines (Stemer 2018, modified by author)
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Corresponding lines are important for the adjustment of the schedule and circulation plans, as they
widen the handling possibilities to deal with the disrupted operations, and ultimately, support in
the effort of transitioning the network towards stable operations.

Conflict-free Schedules

Conflict-free schedules refer to a schedule lhat does not contain any remaining conflicts,
considering all four fundamental conflict types that have been discussed in subsection 2.2.3,
namely, occupancy, infrastructure availability, circulation, and connection conflicts (Oetting et al.

2011).

Operational Handling

Vehicle

In the context of commuter railway operations, vehicles are generally modular units with the
traction unit attached to a series of articulated wagons, and seldom, a combination of an
independent traction unit and individual wagons (Schnieder 2015). Therefore, in the context of
this work, a vehicle refers to one single self-propelled rolling stock unit that is independent by
itself and can not be decoupled Ben-Khedher et al. 1998).

Vehicle Composition

Vehicle compositions are arranged through the coupling and decoupling of single-vehicle units

(Budai et al. 2010). The formation of vehicle compositions may be done during operations through

the scheduled coupling or decoupling of train services, or as a result of shunting movements
performed prior to the execution of specific train services (Nielsen et al. 2012). The resulting

vehicle composition appointed to a train service may be regarded asa: train.

The order of each vehicle in the composition may or may not be consideredto be important for
the management of the operations. For example,restricting the order of vehiclesin a composition
may take place during the decoupling of a train at specific stations and where passengers are
routinely directed to board a specific vehicle(s) in the composition (Budai et al. 2010).

Vehicleswith Service Availability

Vehicle compositions with service availability refer to all vehicles in the different parking locations

that can be immediately appointed to a specific train service, thus, introduced in the network.

Overall, vehicles are considered to be service available if they fulfill the technical, operational and
transport conditions required to be introduced in the network.

Gl Ecpk _|w*  tcfgajc a_ |l "¢ gl cpmbdackhu glg mfcp I
md [Eieabal§iBau- und Betriebsordnungy &B @ Lcrx 0./ 7', Fmuctcp* dn
of accepted vehicles, the technical conditions established by the German infrastructure manager

must be fulfilled (DB Netz 2019). Tf ¢ rcafl ga _|j aml bgr g méclnischepc bec
Netzzugangsbedingungemu * uf gaf npmt gbc b c undalying bechhicalg a p g n
conditions (e.g. breaks, pantographs, etc.) each vehicle must fulfill before it is introduced in the

network (DB Netz 2019).

Furthermore, the operational conditions for the introduction of a train in the network are specified
in the third section of guideline RIL -438, which has been established by the German infrastructure
manager (DB Netz) in cooperation with the association of German tansport companies (VDV) (DB
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Netz RIL-438 2018). The operational conditions include, among others, ensuring: the availability
of the necessary crew to operate the train service as specified in the schedule, abiding by the
maximum tr ain length, etc.

Finally, transport conditions are context-specific and safeguard that the train being introduced in
the network is aligned with existing passenger comfort standards. Thereforedepending on the
train service which is to be appointed to the vehicle or vehicle composition, aspects like seating
availability or the overall passenger hauling capability of the vehicle compositions play a critical
role. Further transport conditions, for example, providing air -conditioned or heated wagons to
acoommodate passengers must also be considered. Nonetheless, while transport conditions are
important for upholding the quality of service, they are not critical for the actual operation of the
train in the network and can be potentially overlooked during di srupted operations.

Vehicle Duties

Vehicle duties refer directly to the train services, which are appointed in the circulation plan of a

vehicle or vehicle composition (Budai et al. 2010). Budai etal.explain:8 Fcpc _ bsrw gq rfc
of a single tran unit on a single day. It is a chain of tasks where a task is characterized by a tiapd

"w rfc nmggrgml md rfc rp_gl sl (010,9.283)r Avehicks_gl am
said to have finalized its duties once there are ho more trin services detailed in its circulation

plan.

Vehicle Inventory

The vehicle inventory refers to an overall account of the vehicle and vehicle compositions that have
finalized their duties at a certain station at the moment the inventory is being conducted (Nielsen
et al. 2012). The vehicle inventory of a certain station can be performed to recognize either an
overall amount of vehicles or assembled vehicle compositions (Budai et al. 2010).

End-of-day Vehicle Inventory

The end-of-day vehicle inventory, also referred to as the end-of-day vehicle balance, links the

vehicle inventory of a station (i.e. accounted vehicles) with the circulation plan of the next day

(Nielsen et al. 2012). In some cases, the inventory is merely based on the number of vehicle units

that must be available atthe stationr m gsnnmpr rfc dmjjmugle b_w¥%qg ag,]
it is aligned with crew schedules and other tasks (e.g. cleaning) Nonetheless, the inventory

accounts for a precise set of vehicles that must finalize their duties at a specific location in the

network.

End-of-day Imbalance

The end-of-day imbalance refers to the verified discrepancy between the actual endof-day vehicle

inventory and the planned end-of-day vehicle inventory & c , e, l cvr boplanya aagpas]
particular station (Budai et al. 2010). All leftover or missing vehicles accounted for by contrasting

the end-of-day inventories at the respective stations are regarded as to induce anend-of-day

imbalance.

The end-of-day imbalance can be addressed by scheduling additional shunting movements for
specific vehicles or vehicle compositions at night or the following day. In the last instance, train
services may be cancled if the imbalance was not resolved. However, this is only conducted if
every other alternative has failed (Nielsen et al. 2012).
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Shunting Movements

Shunting movements refer to any train movement that needs to be carried for: establishing vehicle
compositions, moving trains from one position or track to another, or any other operati on which
has no direct service objective (Hansen and Pachl 2014). Depending on the context, shunting
movements may, or may not be supported in the schedule (Aciia-Agost 2010).

Train Number

The train number refers to the numeric identifier of a train servic e, which is introduced in the
dispatching or monitoring system (DB Netz RIL-420 2017). The train number remains as the
primary identification attribute of a train, which permits tracking its status during real -time
operations. The train number makes a direct connection to the information of the specific train
service, including the circulation plan of its appointed vehicle of vehicle composition (DB Netz RIL-
420 2017).

Train numbers are instituted context-specific, according to operational rules. In most cases, train
|l sk cpg _pc amknjckclrcb wugrf _° " pctg_rgmllg 3rum g
for an S-Bahn train service) (DB Netz RIL-420 2017).

Special Train Number

In the context of commuter railway operations, special train numbers refer to train numbers that
are utilized only to address extraordinary dispatching circumstances (i.e. disruptions).

For example, if a DRP operating concept appoints two DRP turning stations, the line is effectively
divided into two sides. The availability of special train numbers allows different vehicles or vehicle
compositions to be assigned to the same scheduled train service on opposite sides of the divided
line.

Furthermore, special train numbers can also be utilized to schedule alternative train servies.
Alternative train services are generated to address additional operational complications thatmight
occur during disruptions, for example, trains located in the vicinity of the disrupted section (e.g.
LtfTS) that must wait idly until their scheduled de parture time after a turn (i.e. positive turn) (Chu
and Oetting, 2013). Alternative train services may be generated to evacuate these trains towards
another station in which they are able to wait for their scheduled departure time without
compromising the transition to stable operations.

Model Trains

Model trains refer to the standardization of train services into general groups (i.e. model trains)
based on the similarity of their characteristics (e.g. similar vehicle compositions, routes, etc.)
(Vakhtel 2002). The utilization of model trains has significant advantages as it allows to reduce
the dimension of the input data and much more effective and efficient handling of the planning or
monitoring of the railway operations (Vakhtel 2002).

The establishmert of model trains has been discussed in subsection 2.2, lwhere an example
supported by an infrastructure modelling technique is also provided.
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Stable Operations within a DRP

A DRP is said to have reached stability once all trains find themselves on theiline -specific pre-

defined routes, and the pre-defined number of trains circulates in the system reliably without
accumulating any delay (i.e. with the punctuality of regular operations) (Oetting and Chu 2013,

Brauner 2019). The period between the disruption has taken place until the DRP has reached

gr _ gjgrw gq pce_pbcb _qg rfc 8af_mrgapg nf _gc &qcc

Train Conflicts - Vehicle-Specific

Occupancy Conflicts

Overall, occupancy conflictstake place if a train is not able to temporally or spatially follow its
schedule, as this would lead to a simultaneous occupation of the same infrastructural element by
one or more trains (Neuber 2017, p.205). A differentiation of occupancy conflicts introduced in
Oetting et al. (2011), the authors distinguish single and multi over-occupation conflicts. A single
multi over -occupation conflict refers to the simultaneous occupation of an infrastructural element
by up to two trains. A multi over -occupation conflict refers to the simultaneous occupation of an
infrastructu ral element by more than two trains (Oetting et al. 2011).

Infrastructure Availability Conflicts

Infrastructure availability conflicts take place once trains are scheduled to utilize an infrastructural
element that is not accessible or drivable (Pferdmenges and Schaefer 19%). Infrastructure
availability conflicts may occur during pla nning and real-time operations.

During the planning phase, schedules need toabide by the planning of maintenance and
construction works throughout the network, which makes certain infrastructural elements

unavailable (Christoforou et al. 2016). On the other hand, during real -time operations, certain

infrastructural elements may be become unexpectedly unavailable, as a product of disruptions or
the need for contingency construdion or maintenance works (Christoforou et al. 2016).

Circulation Conflicts

Circulation conflicts occur when the time difference between the arrival of a train at the station in

which its transition towards a different train service is scheduled and the scheduleddeparture of
the train after the transition, is less than the minimum transition time required for the foreseen

transition type (Béar 1996). The best example of a circulation conflict is a negative turn appointed
to a train at a particular turning station.

Furthermore, circulation conflicts may also occur as a result of a lack of vehicles that can be
appointed to a specific train service (Borndorfer et al. 2009). For example, due to unresolved end
of-day imbalances.

Connection Conflicts

A connection conflict takes place when passengers in adelayed feeder train are not capable of

reaching their connecting train services at their predefined stations, taking under consideration

the minimum platform exchange time for passengers (Stelzer 2016). Broken connections have a
significant effect on passengers, as it induces uncertainty regarding the course of their trips and a
dramatic reduction in the perceived quality of service (Stelzer 2016).
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Follow-up Conflicts

Follow-up conflicts refer to any conflict, regardless of its type, that is induced due to the
implementation of a conflict resolution alternative (Oetting et al. 2011). Follow -up conflicts
pcnpcgclr _ npmbHacarbgmiml mp f ¢ ‘mafemtie acydl @& prappectise_ r g ml
implementation of a dispatching measure, or conflict resolution alternative in a CDCR process
&B%?pg_I m 0. .6",

Conflict Classification

Conflict classification refers to the categorization of conflicts into groups by recognizing specific
characteristics. The clasdication of conflicts facilitates a rapid and effective conflict resolution
(Neuber 2017). Conflicts can be classified based on different characteristics, for example,
establishing conflicts that have a similar influence on the operating situation, or conflicts that may
require the same elemental conflict solution alternatives to be resolved (Neuber 2017).

Furthermore, the establishment of conflict kinds within the same conflict type (e.g. occupancy
conflicts) already represents a classificationscheme For example, Neuber (2017) introduces an
approach to classify occupancy conflicts by observing specific operating situations such as
conflicting sections on the infrastructure and conflicting train sequences. The classification
approach introduced in Neuber (2017) establishesan operational classification framework, which

is able to distinguish between seven different operating situations

The abovedescribed principles have been utilized in models such as in Jacobs (2004), Oetting et
al. (2011), Oetting et al . (2013), among others.

Conflict Sorting

Conflict sorting refers to the order in which conflicts are being considered for their resolution. The
sorting, therefore, is an indirect prioritization of conflicts that can be based on different criteria.
Among existing approaches, the sorting of conflicts based on their temporal occurrence is the most
utilized sorting criterion (e.g. Oetting et al. 2011, Oetting et al. 2013).

Nonetheless, the sorting of conflicts can be expanded to consider further characteristis, for
example, based on the locations in the network in which conflicts take place (e.g. LtfTS), based on
the established conflict severity, or prioritizing certain conflict classes which are deemed to be of
particular importance for achieving context-specific dispatching objectives.

Conflict Severity

Conflict severity refers to the relative impact of a conflict on the actual operating situation.
Currently, there is no proven best approachto establish the severity of a conflict. However, a
particularly r elevant method has been proposed by Oetting et al. (2013). In their approach, the

authors describe the severity of a conflictr f pmsef rfc¢c sqc md _ §nThen™ _ |
§npm> _ " jcu aml dj ga rctegfooop mgesaf ajtemativds shat is reprasentativg of

the actual operating situation. The fitness of the selected alternative, which is established by the

utilized evaluation function , is set to describe the severity of the identified conflict.

Disposition Measures as Elemental Co nflict Solution Alternatives

In this subtitle, single disposition measures utilized to solve conflicts across both operational levels
featured within the dynamic DRP deployment system (i.e. line and vehicle-specific operational
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levels), are described. Thecontemplated measures have been collected from the literature review
(see subsection 2.2 and 2.3), interchanges with practitioners (Stemer 2018), and guidelines like
the one available for the German commuter railway operator (DB Regio) for the implementati on
of DRPs (i.e. DB Regio RIE615 2014).

The described measures (i.e. elemental conflict solution alternatives) can be applied to individual

lines or trains and are not exclusive to their utilization within disruption -management processes.
Furthermore, as all possibilities are being contemplated, the alignment of the described measures

ugrf rfc qwgqrck%g mtcp_jj _nnpm_af &qcc gs qgqcar gml
the interplay and specific implementation of the measures described within this subsection are

explored with much closer detail in later sections of this work (see section 6).

ExchangeTrain Between Lines

The measure contemplates exchanging a train between lines of the same networkThis implies
that both the schedule and the drculation plans assigned to the vehicle or vehicle composition of
the said train are exchangedto those of a different line. The measure has been indirectly
implemented across different schedule adjustment models (see Ghaemi et al. 2018a, 2017, 2016,
Veelenturf et al. 2016, Louwerse and Huisman 2014, Nielsen et al. 2012, etc.).

While in the above-detailed models, the measure is used without any explicit restriction regarding

the reassignment of trains across lines of the same network, there are instance#n which the

cvaf lecqg a_l mljw ~¢c amlbsarcb ~cruccl rp_glq
(Nakamura et al. 2011).

Incorporate External Train

Incorporating an external train entails assigning a vacant train service to a vehicle or vehicle
composition that was not circulating in the network before the disruption. Incorporating a vehicle

or vehicle composition requires a verification of its service availability. Only after the service
availability has been verified, the train can be appointed atrail g c pt g a c &g ciraulatibrc b s j ¢
plan. A similar version of the measure has been implemented in Veelenturf et al. (2016) and
indirectly observed in Wagenaar et al. (2017), Nielsen et al. (2012).

RemoveTlrain from Circulation/Park Train

The utilization of this measure entails sending a train to one of the parking locations available
throughout the network. The measure constitutes a central part of the developmental framework
of DRP operating concepts, being contemplated in Chu et al. (2012) and Brauner 019). During
the deployment of DRPs trains are sent to their assigned, or eventually, any parking location in
order to match the disrupted capacity of the network with the number of trains in circulation
(Brauner 2019).

The measure has also been utilized in Fekete et al. (2011), Veelenturf et al. (2016), and indirectly
in Wagenaar et al. (2017), Nielsen et al. 2012.

Transfering Train

The transferring of a train assigns a train an entirely different string of nodes to the ones observed
in its original schedule. The measure is utilized to avoid and surpassthe disrupted section and has
been used as a central measure in Veelenturf et al. (2016) andisted as anavailable option for the
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development of DRPs (Chu et al. 2012, Brauner 2019) and detailed in theguideline RIL-615 (DB
Regio RIL-615 2014).

Considering that commuter railway networks are much more reduced in size when compared to
their regional or long -distance counterparts, the paths that can be used for transferring a train are
much more limited. I n this context, as discussed with active train dispatchers (see Stemer 2018),
the deviation is referred to as a transfer and entails a deviation of trains through an alternative

driving path to move vehicles from one side of a fully disrupted network to th e other.

(De)Couple Train

As a measure, it foresees the coupling or decoupling of vehicles or vehicle compositions appointed
to one or more train services. If coupled, a new vehicle composition is assigned to a train service
(i.e. less traffic) and if decoupled new vehicles or vehicle compositions are assigned to two or more
train services (i.e. more traffic). The measure has been used in models such aklaahr et al. (2016),
Wagenaar et al. (2017), Nielsen et al. (2012).

It must be clarified that the measure does not refer to shunting movements performed to establish
vehicle compositions.

Cancel a Stop

The measure foresees the cancellation of one or more stops contained in the schedule of a train
service. The cancellation of the stop would allow a train to reduce its overall journey time (i.e.
shorter occupancy times) or utilize a track through the station without a platform.

MI rfc mrfcp f I b* rfc a_lacjjgle md _ rp_gl gc
overcrowding of passengers on theplatform. Thus, inducing longer dwelling time in the affected
station for later trains due to an increase in the passenger exchange time (Stelzer 2016).

Early Turn Train

The early turning of a train implies that a train finalizes its service in any given station before
reaching its scheduled end station andchanges its driving direction so that it can be appointed a
train service in the opposite direction. It must be considered that the transition train service
appointed to the train after the turn may also need to begin its service from a completely different
station as the one that was originally scheduled As a result, the early turn may induce a great
impact on the serviceability of the two train services involved in the early turn. On the other hand,

since the measure would allow turning trains in any station prior to the LHfTS, early turns may be

particularly handy to deal with the queuing of trains in the critical area (Ghaemi et al. 2017).

The early turning of trains is a measure widely utilized thro ughout multiple disruption-
management models(e.g. Fekete et al. 2011, Ghaemi et al. 2016, 2017, 2018a, Veelenturf et al.
2016, Louwerse and Huisman 2014, etc.). The measure has also been utilized for the development
of DRP operating concepts (e.g. Chu etal. 2012, Brauner 2019) and detailed in guidelines (e.g.
DB Regio RIL-615 2014). Consequently, it constitutes one of the central measures available to
dispatchersduring disruptions.

Shift a Train in Time

By implementing this measure trains are shifted in time so as to make their movementacross the
network compatible with: mr f cp rp_gl g* rfc qgqwqgrck%qg mncp_rgm
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scheduled operations. The measure assigns trains a non scheduled waiting time at any location
(i.e. station, junctio n, etc.) in the network where they are able to stop, or modifies an already
existing waiting time (Chiang et al. 1998, Oetting et al. 2011, Oetting et al. 2013).

Bend Train

Bending a train refers to prolonging or reducing its journey time within a given s tretch of its route
to make its journey compatible with the operational constraints. The implementation of the
measure is conducted by modifying the driving time of one or all trains involved in a conflict and
it can even be rendered as part of strategieghat foresee the shifting of trains in time, as explained
in Oetting et al. (2013).

Tf ¢ rcpk 8 c | b puustmentbtthe gpeed of a traincAccordirly to Oetting et al. (2013),

there are two different kinds of train bending. A positive bend, whicf c¢cl r _gj g _I gl apc_q
hmsplcw rgkc wugrfgl _ nmpr gml md grqg pmsrc, ? Il ce
journey time within a portion of its route.

Whereas the measure is not directly included to this point in disruption-management models, it

f _q _jpc_bw “ccl _bcnrjw srgjgxcbh dmp bc_jgle wugr
2008, Pellegrini et al. 2014, among others. A similar measure hasalso beenutilized to reduce the

stopping time at a station, as explainedin (Oetting et al. 2013).

Reroute Train

In opposition to the measure transfer or deviation that modifies the driving path of a train, the
rerouting entails a modification of _  r p schipduBdd)route throughout particular nodes and/or
links. The measure ako includes the changes of platform tracks, at the specific stations.

The rerouting, as understood above is utilized in both scheduling and rescheduling models (see
Jacobs 2004, Oetting et al. 2011, Oetting et al. 2013), and indirectly in Ghaemi et al. (2018a).

(Partially) Cancel a Train Service

By the utilization of this measure, train services can be entirely or partially cancelled. While a total
cancellation affects the whole route of the train service, the partial cancellation affects only certain
portions of the route.

The measure is also widely utilized across multiple disruption-management models e.g. Chu et al.
2012, Jacobs 2004,Ghaemi et al. 2018a, Veelenturf et al. 2016, Nakamura et al. 2011, Nielsen et
al. 2012, etc.), DRP development models(e.g. Chu et al. 2012, Brauner 2019), and detailed in
guidelines (e.g. DB Regio RIL:615 2014)

Alternative train service

The use of an alternative train service is a measure that allows eithermoving vehicles or vehicle
compositions around the network, or servicing certain sections with train services that are not
contemplated in the original schedule or the DRP operating concept. If the trains are empty (not
providing any service), these havealso beencalled dead-heading trips (see Waagenar et al. 2017).

Transfer of Passenggr®aiting Time

As regular connection conflicts are not characteristic for commuter railway networks (see
gs gcargml 1,1,0"'"* n_gqclecpg% ucjd_pc ksqr ~c¢c bug
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n_gqcl ecpqg% aspgafigdtadon begvken a cancelled train service and a subsequent
rep_gl gcptgac, Rfc kc_qspc gsnnmprq r f,ovhichwsgr c k %
gfgdrcb rm n_qgqcl ecpq % -nanaganen. titintately gncestheméasureis g g p s n
advanced to address the specific purpose of the dynamic DRP deployment system, it has not been
considered in any of the existing models, guides or guidelines.

3.7. Definitions Utilized within this Work

Within this subsection, the definitions introduced specifically to advance both Sectionsof this work
are discussed in detail. Each of the definitions being advanced throughout this section have been
modified and or extended from the literature review.

3.7.1. Section 1i Residual Capacity for Passenger Rerouting

Mobility Center of Gravity

The mobility center of gravity refers to the most dominant location in the urban environment from

the point of view of the local public transport network. In overall, the mobility center of gravity
constitutes the main objective and source ofthe trips generated within a public transport network,

also taking transit or transference trips under consideration.

For the appraisal of rerouting strategies targeted at addressing disruptions in the commuter
railway network, the mobility center of gravity, also represents a critical objective and even
potential source of rerouted passenger trips. Ultimately, the mobility center of gravity is also a
critical location against which the Occupancy Rate (OR) of the different public transport means
can be referenced.

3.7.2. Section 2i Dynamic Deployment of Disruption Programs

Spatial Definitions

Disruption Divided Network and Sides

Depending on the magnitude and location of the disruption, a commuter railway network may be
divided into two different sides.

If the cause behind the disruption has been dire enough to impede the circulation of trains in both
driving directions, a complete blockage of the commuter railway network has occurred. On the
other hand, if it is still possible to maintain trains circulating in at least one direction, only a partial
blockage of the network has taken place.

In complete blockages(see figure 3.6-A), the overall disruption -management and the deployment

of the DRP operating concepts mustistinguish between two differ ent sides.However, the network

maybe _qgqskcb rm ¢ &n_prg_jjwug ggmj _rcbhb* g gr ggq
available to link both sides of the disrupted network. The available deviation paths can be directly

utilized as detailed by the DRP operating concept of specific lines, or as alternatives to support the
disruption-management efforts.

In a partial blockage, it is still possible to connect both sides of the network through the
infrastructural elements that have not been directly affected by the disruption (see figure 3.6-B).
However, in a partial blockage, due to the nature of the measures foreseen in the DRP operating
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concepts (see table 2.4), it is possible that some lines still need to be considered as being divided
into two d ifferent sides. Furthermore, available deviation paths routed may also be utilized (see
table 2.4).
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Figure 3.6 Example of two different critical areas and a complete (A) as well as a partial blockage(B) (by author)
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Critical Area

The critical area refers to the most vulnerable area of the commuter railway network during the
disruption-management and essential for ensuring the transitioning to stable operations. As has
been discussedoy Oetting and Chu (2013), at the beginning of the disruption , it is almost certain
that train queues would form around stations located in the vicinity of the disrupted section.
Therefore, the critical area is inherently originated around the disrupted section and extends itself
to include, as many turning stations as deemed relevant for conducting a proficient disruption-
management.

For example, in Ghaemi et al. (2017), the LtfTS is referred to as the primary turning station.
However, the authors also highlight the relevance ofthe preceding turning station for an enhanced
management of the disrupted operations, which is then referred to as the secondary turning
station. As a result, the critical area is extended to include the last two technically feasible turning
stations on ewery line connecting to the disrupted section, as detailed in figure 3.6-B.

Nonetheless, in order to allow the system to adjust its complexity to the available computational
effort (see subsection 3.4.2), the amount of turning station considered to be part of the critical

area within the dynamic DRP deployment system can be adjusted to the contexspecific needs.
However, regardless of the type of disruption, whether complete or partial, the critical area must
include at least all LfTS. Asthe standard approach for the dynamic DRP deployment systemiit is

recommended that the critical area extends itself to cover two technically feasible turning stations
before the disrupted section (including the LHfTS) , as in figure 3.6-A.

DRP Relevant Infrastructural Elments-- First-order Infrastructural Elements

The DRP relevant infrastructural elements refer to the infrastructural elements utilized in DRP by
the line-specific measures foresaw in the operating concepts of each of the affected lines (see table
2.4 - subsection 2.3.3).
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Given the need to establish further alternatives for the handling of trains in the infrastructure and
support the transition to stable operations, the DRP relevant infrastructural elements are also
recognized as firstorder infrastructural elements.

Secondorder Infrastructural Elements

The secondorder infrastructural elements constitute the elements that provide a broader range of
alternatives for the handling of trains throughout the infrastructure, supporting the transition to
stable operations. Secondorder infrastructural elements are appointed to specific elements that
may support the ability of a given train to reach its DRP foresaw route or any of its DRP relevant
infrastructural elements. Second-order infrastructural elements can be pre-emptively established
for their utilization in the dynamic DRP deployment system.

(Un)Conventional Parking Locations

As detailed in subsection 3.6.2, parking locations refer toany railway facility in which a train can
be shutdown, namely, shunting yards, shunting tracks, platform tracks in stations. The dynamic
DRP deployment system makes a distinction between conventional and unconventional parking
location to further support the selection of specific parking locations during disruptions.

Conventional parking locations are specific for every line and refer to parking locations generally
utilized by the vehicles of suchlines (e.g. at or around end stations). Furthermore, considering the
existence of the DRP operating concepts, these may detailypical DRP parking locations to be
utilized by a line during the disruption. Finally, in order to expand the available alternatives, all
parking locations within the commuter railway network that can be immediately accessed(i.e.
without any deviation) alol e r f ¢ | @dmcbétgdrivinghdirections may also be considered
as conventional parking locations.

Unconventional parking locations are specific for every line and also highly dependent on the
operational circumstances of the network. Unconventiond parking locations are explored if there
are no available parking positions in the conventional parking locations of a line. Unconventional
parking locations include:

T n_pigle jma_rgmlqg rf _r _pc | mr g,kRhkscrbagiretoc j w
deviate the train away from its scheduled route,

9 parking locations outside of the commuter railway network ,

1 and potentially available (i.e. highly dependent on the time of day) platform tracks
throughout the different stations along aj gl ¢ %g pmsr c,

Temporal Definitions

SystemDeployment Time

Rfc gwgrck%gq bcnjmwkclr rgkc pcdcpg rm rfc gnca
dynamic DRP deployment system is implemented. The deployment time is most likely to be equal

to the moment in whic h a DRP operating concept from the set of all DRPs available for the network,

has been chosen.
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SupplementTransition Time

A supplement transition time refers to a supplementary time introduced to the minimum transition

time between train services to account for the stochastic nature of these processes, particularly

during disrupted operations.

A supplement transition time for turning trains has already been established in the work of Chu
(2014), distinguishing between turns with one and with two dri vers available on the train (see
subsection 23.3).

Turn Residual

The turn residual refers to the delay or waiting time induced after appointing a train with a n
(early) turn and a transition to train service in the opposite direction at a specific location along
its route (see figure 3.7). The turn residual can be expressed as a function of the transition train
service which is foreseen to be serviced by the train after its turn and the selected turning station.
As a result, the turn residual can beinstrumental in evaluating the effect of (early) turns on the
operating situation of the railway network .

The turn residual is equal to the difference between the scheduled departuretime of the transition
train service (i.e. in the opposite direction) minus the additi on of the projected arrival time of the
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Figure 3.7 Example of positive and negative turn residuals (by author)
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As a result, the turn residual provides a positive or negative temporal value. If the value is positive,
it amounts to the waiting time required by the train at the turning station before its scheduled
departure, as depicted in figure 3.7 (turn in station E). If the turn residual provides a negative
value, it refers to the delay induced by the (early) turn of the train at the selected tuning station,
as depicted in figure 3.7 (turn in station A). Ultimately, it is possible to appreciate that just by
merely changing the turning station and maintaining the same transition train service, the
operating situation after the (early) turn varies quite broadly.

End-of-day Operations

The end-of-day operations is a line-specific quality and refers to the last train service in the
schedule to be serviced by a line. Thus, the enebf-day operations acquire a temporal value equal
to the scheduled arrival time of the last train service at its end station.
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Beginning of Operations

In the same way, the beginning of the operations is a line-specific quality, which acquires a
temporal value equal to the scheduled departure time of _  j gl ¢ %q dgpqr rp_gl
beginning station.

N _ g q ¢ Waitiogp Tiptb

Rfc n_gqclecpqgq% u_gr gl e r gk cmugtgvaitraff acstatiorbdoggte them| _ j !
a_lacjj_rgml md _ rp_gl qc pctogstded byRhe timespandpeaiweéne ¢ p q %
the scheduled departuretime of the cancelled and a subsequent train service. A subsequent train

service entails a train service prgected to arrive at the affected station after the scheduled

departure time of the cancelled train service andthat allows passengers to reach the same end

station as the cancelled train service. Thus, it takes into consideration trains from other lines, which

may allow passengers to fulfill their trips. Further insight regarding the selection of subsequent

train services is provided in the subtitle: Operational Level Generated Service Interval

Scheduling Definitions

Potential VehicleSpecific ConflictSolutions in Time and Space (PVSCS)

Potential vehicle-specific conflict solutions in time and space refer to the conflict resolution

alternatives generated at the line-specific operational level, which are appointed to specific
vehicles or vehicle composiions (i.e. trains). Overall, the PVSCS derive from an identification of

the line-specific conflicts induced by the disruption, the deployment of the DRP operating concept
and the actual location of eachtrain in the disrupted network.

Each PVSCS containgshe necessary information to support the adjustment of the schedule ard
circulation plan. Therefore, aPVSCSs developed by selecting one or more linespecific elemental
conflict solution alternatives and implement them at a vehicle-specific level. The dosen
alternatives permit to establish the spatiotemporal information outlining ar p _ gl %g kmt c k
throughout the network . The spatial information establishes one specific route through the
infrastructure and complements this information with the temporal information, namely, the
respectivejourney, arrival, and departure times. The temporal information may be derived either
from the original schedule or the infrastructure model (i.e. considering the respective model train
- see subsection 2.2.2). Furthermore, the PVSCS also containsin adjusted circulation plan for the
train in the form of a set of transition train services, which are aligned with the elemental conflict
solution alternatives that have been utilized for its development (e.g. turns, coupling, decoupling,
etc.). One aspect that is not supported in a PVSCS ishie interaction with other trains. PVSCSare
developed by considering an empty network (see subsection 3.5.2)

Ultimately, since it is possible that a series of locations in the network (e.g. turning stations,
deviations points, parking locations, etc.) and or transition train services, can be paired with the
selected line-specific elemental conflict solution alternative to address the line-specific conflict,
different PVSCS must be developd to explore the broadest range of possible alternatives. Thus,
all generated PVSCS for a train arestored in a PVSCS set for the respective train.

Operational and Technicdly Feasible PVSCS

The dynamic DRP deployment system intends to endeavour the exmration of the widest range
possible of alternatives for the adjustment of the schedule and circulation plans to the actual
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operating situation induced by the disruption (see subsection 3.5.2). However, the system is also
required to advance an effective and efficient structure (see subsection 3.4.2). Therefore, every
PVSCS that is generated must have its operational and technical feasibility verified.

The verification of the operational and technical feasibility is understood as in (Oetting and Chu
2013, Brauner 2019, and Brauner and Oetting 2019). A PVSCSs said to be technically feasible if
the characteristics of the model train are compatible with the infrastructural requirements along
its route. A PVSCSs said to be operationally feasible if it is able to facilitate a transition to stable
operations. This implies that the resulting PVSCS does not induce a delayed train service cany
induced delay must be reduced (until it is eliminated) when the train transitions between train
services.

PVSCS Combation

A PVSCS combination is a set of PVSCS that contains one specific PVSCS for every train circulating
in the network, including trains that are being introduced from parking locations. Since each train
has its own particular set of PVSCS, there is potetially a broad range of PVSCS combinations that
can be generated by the dynamic DRP deployment system.

Since single train PVSCS do not consider the interaction with other trains, PVSCS combinations
must be fixed by means of a vehiclespecific CDCR processuntil they are conflict -free (see
subsection 3.5.2).

Adjustment of a Conflictfree Schedule

The adjustment of a conflict-free schedule refers to the identification and removal of all

unnecessary measures introduced during the automatic CDCR procesa the vehicle-specific level
and which no longer play a relevant operational role in the conflict -free schedule. The adjustment
is based on theapproach introduced in Chiang et al. (1998) and further expanded to include the
handling of as many measures as pogble.

Operational Levels

Line-SpecificConflicts

Line-specific conflicts refer to the operating challengesaffecting a whole line. The challengeshave
been induced by the disruption and can not be isolated to one individual train service. Thus, the
line-specific conflicts refer to the general dispatching challenges which may be potentially
addressed by anyof the trains providing service to an affected line.

Line-specific conflicts are identified by relating the chosen DRP operating concept and the
operating situation of the network with the actual disrupted situation. Accordingly, line -specific
conflicts stand in the forefront of the dynamic DRP deployment. The strategies included in the
line-specific DRP operating concepts (see subsection 2.3.3) allovidentifying two different types

of line -specific conflicts, namely, vehicle availability and reachability conflicts.

Vehicle Availability Conflicts

Vehicle availability conflicts refer to the existence of either asurplus or lack of vehicles circulating
in the network in correspondence to the disrupted operating situation of the line and the train
services supported in the chosen DRP operating concept. Vehicle availability conflicts are of
fundamental importance to adjust both the schedule and circulation plans.
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Considering that the DRP operating concepts are detailed for every line and sidg(if necessary),

vehicle availability conflicts are established for every line in view of the already tested measures
(see subsection 2.3.3). Thelack or surplus of vehicles is the resultof contrasting the number of

trains required to service the DRPoperating concept and the number of vehicles available across
each one of the linesper side (if necessary)

Reachability Conflicts

During the deployment of the DRP operating concept, trains ought to still follow their original
schedule. Reachability conflicts are identified exclusively for train services thatare not able to
service their originally planned route either due to a complete blockager f cgp j gl ciffq
concept, or a dispatching decision (i.e. failing to reach all its scheduled stations).

As a result, the systemis in the need to identify reachability conflicts as the concrete means to
handle the portions of the route which have been left unserved

VehicleSpecificConflicts

In the context of the dynamic DRP deployment system, vehiclespecific conflicts refer to the four
fundamental conflicts types that have been discussed in subsection 2.2.3, namely, occupancy,
infrastructure availability, circulati on and connection conflicts. These four conflict types are
regarded as vehiclespecific conflicts since they are handled during the fixing process of PVSCS
combinations (i.e. vehicle-specific operational level) (see subsection 3.5.2).

BPN

Ontheotherhand,si ac n_pr md rfc qwgrck%g pcosgpckclrqg ¢

expected lack of planned connections between train services, a new vehiclspecific conflict is
introduced instead. Service conflicts are established in the system to support thenonitoring and
_aamslrgle md n_gqclecpq% ucjd_pec,

Service Conflicts

Service conflicts occur when product of the cancellation of a train service at one or multiple train
stations the service interval that is generated surpasses the maximum service intervahllowed by
the system. Therefore, rather than focusing on the misalignment of two corresponding train
services at a given station as in connection conflicts service conflicts focus ona train service that
fails to reach one or more stations in its schedue. Service conflicts are advanced as part of the
bwl kga BPN bcnjmwkclr gwqrck* g rfc kc_1|q
upholding the service quality of the overall disrupted network.

There are two potential approaches that can be utlized to handle service conflicts. Service conflicts
can behandled separately (i.e. locally) at each of the affected stations or in general for the whole
set of stations affected by the cancellation of the train service.

Handling service conflicts for each station would entail ascertaining the influence of the cancelled
gcptgac ml rfc n_gqclecpq% ucjd_pc _r ¢ _af
the other hand, handling service conflicts, in general, would entail focusing on the station with the
direst induced circumstance.

While maintaining a general approach would allow a simplified handling of the service conflicts,

it would not allow keeping track of the actual operational circumstances on the overall passenger
transport capabilities of the system. Therefore, service conflicts are to be handled and considered
for each of the affected stations separately.
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Maximum Service Interval

The maximum service interval is a parameter that must be introduced in the dynamic DRP
deployment systemto establish the allowable timespan between two train services arriving at a
station that have the same objective station. Considering that in the face of a disruption passengers
try to uphold their travel chain as far as possible, the specific line number they utilize to reach
their destination or another strategic location that allows them to do so is no longer a priority.
Therefore, by establishing a maximum service interval, the system is able to impose a limit on the
timespan that stations throughout the network are left without the service of a certain line.

The maximum service interval is a parameter that can be structured to have a static or dynamic
nature. Structuring the maximum service interval as a dynamic parameter would entail that just
as transport demand (see subsection 2.4.4), the maximum service interval would fluctuate as a
function of the spatiotemporal aspects of the network. It can be made more stringent during peak-
hours or in portions of the network that do not count with a robust ser vice (i.e. outside of the core
area). A static parameter would imply that the maximum service interval that is introduced is valid
for the whole network regardless of the spatiotemporal aspects.

In the specific case of the dynamic DRP deployment system,iie maximum service interval relies
mil rfc BPN mncp_rgle amlacnr md rfc a_Ilacjjcb rp.
there is a DRP transport concept beingdeployed, and that part of its objective is to uphold the
welfare of the commuter rail way users (see subsection 2.4.2). Therefore, since the DRP operating
concept has been developed in close account to passenger transport matters, the maximum service
interval can be made equal to the service interval of the line as foreseen by its DRP opeting
concept.

By equating the maximum service interval with the service interval of the line as foreseen by its
DRP operating concept, the dynamic DRP deployment system is further aligned with the transport
concept being applied in parallel. However, the maximum service interval, as a parametet can be
easily adjusted tofit the context.

Ultimately, a service conflict can be positively identified if the generated service interval at a station
is larger than the service interval detailed by the DRP operatirg concept of the line respective to
the cancelled service.

Generated Service Interval

The generated service interval embodies the operating situation created at the given station due

to the cancellation of a train service. To establish the generated sevice interval, the timespan

between the last or previous and following or subsequent train services that are projected to reach

the affected station must be recognized. However, since service conflicts are intended to include

rfc n_qgqgcl ecp q%afeguard theirovalfarg, ordy the train services that are able to

pcnj _ac rfc pmjc nj_wcb “"w rfc a_lacjjcbhb qcptgac
considered. Therefore, not all train services that are projected to reach the affectedstation may be
considered to establish the generated service interval.

Under these circumstances, the end station of the cancelled service is the most relevant aspect to
take into account when selecting the previous and subsequent train services. In ovedd within a
disrupted commuter railway network, two different circumstances can be considered:
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1 The cancelled train service drives away from the disrupted section, in which case, the
m - hcargtc qr_rgml gq rfc jglc%qg clb qr_rgml,
1 The cancelled train service drives towards the disrupted section, in which case, the
m- hcargtc qr _rgml a _ | c amlggbcpcb _q rm " c
DRP turning station.

Consequently, to establish the previous and subsequent train services, the directionfdravel of the
cancelled train service and its end station must be considered carefully. This does not imply that
the prior or subsequent train services must have the same end station as the cancelled train service,
but the end station must be contained within their schedules.

While the end station of the cancelled train service is an important aspect to ensure that the
n_qgqclecpq% ucjd_pc gq snfcjb* rfc qr_rgmlg qgcpt
of relevance. Therefore, to estabish the prior and subsequent train services, the stations being

reached by these services must be, at least, similar to the ones reached by the cancelled train

service. Whereas it is possible to quantify the similarity of the reached stations (e.g. percerdge),
establishing a precise amount that would allow upholding r f ¢ n_qgqqcl ecpg% ucj d
complicated task. Therefore, the stations being reached by the prior and subsequent train services

should be identical to the ones reached by the cancelled trén service.

As a result, the generated service interval is derived by identifying the previous and subsequent
services that are projected to reach the affected station and that will allow passengers to reach
every station of the cancelled service.

Once the prior and subsequent services have been established, the generated service interval is
considered between the departure times of these services. The departure times are utilized since
the stopping times at the different stations and the circulation plans of the prior and subsequent
train services might vary broadly, which would affect the usage of the arrival time.

Unnecessary Measures in a ConfliEtee Schedule

This term is extended from the considerations made by Chiang et al. (1998) where shifts in time
that were implemented to solve conflicts during the CDCR process are no longer operationally
relevant for the resulting conflict -free schedule. The lack of relevance of the measures renders
them to be unnecessary Thus, they may be removed from the schedule. In view of the different
elemental conflict resolution alternatives that can be implemented, the term can be extended to
cover any vehiclespecific elemental conflict solution alternative.

Changes in the Projected Operating Situation

The induced changes in the projected operating situation refer to the fluctuation in the number
and severity of the conflicts in the current conflict list due to the prospective implementation of a
conflict resolution alternative. This includes all conflicts plus fo llow-up conflicts induced by the
implementation of a conflict resolution alternative , supporting the look-ahead capability required
for the dynamic DRP deploymentsystem

3.8. Structure of the Work

As it has been explained in subsection 3.1, this work is divided into two methodologically extensive
and unrelated Sections Section 1focuses on the development of the residual capacity estimation
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model and Section 2details the development of the dynamic DRP deployment system across all its
nine modules. The overal structure of the work is depicted in figure 3.8.

Section 1:
Introduction

Section 2:
Literature Review

Section 3:

Objectives and Overall Approach
\

Section 4:
Model for Estimating the Public Transport Residual Capacity

Section 5:
Dynamic DRP Deployment - System Inputs
\
Section 6:
Elemental Conflict Solution Alternatives
\
Section 7:
DRP Set-Up
\
Section 8:
Line-Specific Conflict Identification and Establishment of Potential Solutions Alternatives
\

Section 9:
Development of PVSCS™
\

Section 10:

Assembly of PVSCS* Combinations
\
[ \
Section 11: Section 12:

Vehicle-Specific CDCR** Assessment of Conflict Resolution Alternatives and Fixed PVSCS* Combinations

I I

I
Section 13:

Adjustment and Selection of Conflict Free Schedules

\
Section 14:

Exemplary Implementation
[
Section 15:

Summary and Conclusions
[
Section 16:

General Outlook

* PVSCS: Potential Vehicle-Specific Conflict Solutions in Time and Space

** CDCR: Conflict Detection and Conflict Resolution

Figure 3.8 Structure of the document (by author)

The first Sectionof this work establishes the model for the appraisal of the public transport residual
capacity, which is advanced in section 4. Section 4also includes a brief example regarding the
application of the model, a brief summary, and conclusions for this Sectionof the work.

The secondSectionand the core of this work, is covered between sectiors 5 to 15, as it is depicted
gl dgespc 1, 6, ?jgelcb ugrf rfc bwl _kga BPN
subsection 3.5.3 every section between section 5 until section 13 details a specific module of the
system. Section 14 provides an impementation example of the main processes described thorough
rfec gwqgr c k,%nd séctiob 45 prayides a summary and conclusions regarding the
development of the dynamic DRP deployment system(i.e. Section2).

At last, the work finalizes in section 16, where a general outlook covering both Sectionds provided.
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4. Model for Estimating the Public Transport Residual Capacity

4.1. Introduction

As discussed in subsections 2.3.3 and 2.4.1estimating the capacity limitations of public
transportation modes available during a railway disruption is central for upholding the welfare of
public transport users in general. Oncethe capacity limitations have been determined, intermodal
passenger rerouting strategiesthat take advantage of existing public transport structures and the
responsible utilization of their available capacity, can be achieved

The immediate availability of t his information stands as a cornerstone when identifying the most

effective rerouting locations and channels for the development of transport compensation
measuresfor passengers This section focuseson developing a public transport residual capacity
estimation model, as outlined by the specific objectives, requirements and limitations discussed in
subsections 3.2.1, 3.3.1 and 3.4.1.

To fulfil | the specific objective of the first Sectionof this work (see subsection 3.2.1), a model must
be derived such that it allows conducting an assessment of the intermodal passenger rerouting
strategies foreseen by a DRP transport concept based on an estiman of the residual capacity of
the utilized public transport means. The assessed passenger rerouting strategies are the foundation
for a later much more in-depth deliberation with local public transport operators. In overall, the
model must be able to suport a prompt estimation of the capacity limitations of the public
transport means with general validity and regardless of the implementation environment (i.e.
means of public transport and layout of the network).

As discussed by thisSectiorfogeneral approach desgibed in subsections 3.5.2 and 3.5.3, this
section is structured in three general clusters. The first cluster focuses on identifying key
determining variables influencing the residual capacity estimation from existing research.
Additionally , a general approach that permits to estimate the residual capacity according to he
hitherto described objectives and requirements (see subsections 3.3.1 and 3.4.1) utilizing the
identified key determining variables and proposing general assumptions should beoutlined. The
second cluster entails a validation of the general approach and the proposed assumptionso as to
operationalize the residual capacity estimation framework in line with the identified key
determining variables. The validation should focus on the scrutiny of actual operational
information. Finally, the third cluster is aligned with the overall approach discussed in subsection
3.5.2, where a model supporting the assessment of passenger rerouting strategies based on an
estimation of the public transport residual capacity should belaid out.

In the following, subsection 4.2 provides a detailed discussion of the keydetermining variables
influencing the residual capacity estimation. Thereafter, subsection 4.3 utilizes the key
determining variables established in subsection 4.2 and derives ajeneral approach that permits to
estimate the residual capacity based on a series of leading assumptions. Later, subsection 4.4
details the scrutiny of operational information, which permits to validate the relev ance and
functionality of the assumptions introduced in subsection 4.3 for their subsequent incorporation
in the model. Subsequently, in subsection 4.5 the model supporting the assessment of passenger
rerouting strategies based on an estimation of the pulic transport residual capacity is derived. The
model incorporates the validated and, if necessary modified general approach detailed in
subsection 4.3. The proficiency of the model is later demonstrated in an actual case study (see
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subsection 4.6). Finally, section four concludes with a general discussion and reflections on the
kmbcj %q _nnjga_ gjgrw &qcc gs qgcar gml 2,5"

4.2. Key Determining Variables Influencing the Residual Capacity Estimation

Assessing public transport capacity limitations entails engagingwith features that relate to both
the public transport planning and management phases. The public transport capacity analysis
framework described in subsection 2.4.4, and the residual capacity definition discussed in 2.5.5,
guide an estimation of the capadty limitations of a public transport structure. The capacity
limitations have been ultimately described as the difference between the scheduled and demanded
public transport capacities.

The direct liaison between scheduled and demanded public transport @pacities has been typified
by equation 2.17, where the residual capacity is expressed aghe multiplication of the scheduled
capacity & of a line "y 1 minus the occupancy rate() 'Y, expressed as aatio.

Since the residual capacity is contingent on the reaction of users to the scheduled operations of
the different public transport modes, it is necessary to contemplate the liaison behind these two

features. For the development of a model to promptly estimate the capacity limitations of any

public transport structure, it is necessary to define thekey determining variables that best describe
the liaison behind scheduled capa&ity and passenger transport demand

Drawing upon the capacity-focused discussion of subsection 2.4.4, six determining variablehave
been identified to hold prime relevance. These have been grouped according to scheduled or
demand features and thus, arranged in suchaway to support a multimodal analysis of the residual
capacity (seetable 4.1).

Table 4.1 Isolated key determining variables influencing the estimation of the residual capacity (by author)

Residual Capacity of Public Transport Systems (Bus - Tram - Metro)
System Scheduled Operational Variables Demand & Context Dependant Variables
Vehicle Hauling Characteristics Vehicle Occupancy
Mode/Line Operating Frequencies Time of the Day (i.e. HVZ, NVZ, SVZ)
Mode/Line Route Distances Distance to the Center

The scheduled assets provide the groundwork for the assessment as they reflect the functional
structure of the public transport systems in question. As clearly acknowledged in subsection 2.4.4,
these variables are built over specific mode and line qualities (i.e. vehicle characteristics, line types
and their scheduled frequencies) and shape the scheduled capacity.

MI rfc mrfcp f _ | b* n_qgqgqclecpq% ns | galocalpobiltg n mpr b
culture and reflected in the actual occupancy of the public transport scheduled journeys. Also, it

ksqr I mr ~¢c dmpemrrcl rf _r rfc gwqrckqg% amldgesp _
to better fit the demand fluctuations across the urban area.Theshiftsg! r f ¢ qgqwgr ckg% a ml
j_w rfc dmslb_rgml dmp bcrcpkglgle rfc qgwqgr ck %q
spatiotemporal influences behind both scheduled and demand features (i.e. peak and offpeak

hours, the relevance of the urban center) to gain particular relevance.

Accordingly, the features in both groups must be explained in detail. This will help clarify the
dynamic nature behind public transport demand, as well as the multimodal nature needed for its
analysis. To this end, each of the six individual determining variables detailed in table 4.1 is
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explained along with the characteristics that havebeendiscussedthroughout subsection 2.4.4, as
ucjj _qgq ugrf rfc kmbcj %q mtlongatigng m hcargtcqg* pco

Vehicle Hauling Capabilities

Vehicle characteristics are specific to every transport mode and are among the most immediate
variables influencing the scheduled capacity of a particular public transport line. From their
operating characteristics (e.g. acceleration or breaking) to their passengerhauling or transporting
capabilities, there is a broad range of features to be consideredlt is through this characteristic
that each transport operator is able to arrange their own diverse set of vehide types and models
to better address the foreseen demand in their network.

For capacity assessment purposeshe number of users a vehicle is able to transport isa key feature.
Consequently, within the framework of this Sectionand asan important variable within equation
2.1, the vehicle characteristics must be welldefined by the overall standing and sitting places
available within an operating unit. However, it is necessary to mention that while the total
passenger capacity remains constant, the diffeence in available capacity fluctuates throughout the
day along with peak and non-peak hours. Therefore, it is important to adjust this feature
accordingly to keep the gap between scheduled services and public transport demand as tight as
possible.

Operatin g Frequencies

Like the previous determining variable, the operating frequency is also central for the assessment
of the scheduled capacity of a public transport line. It is, as typified in equation 2.16, the temporal
variable, which sheds light on the maximum number of vehicles that are being operated
throughout a route within a given period. For capacity evaluating purposes, operational
frequencies are denoted as the frequencies presented in the public schedule.

This variable covers not only the driving characteristics of the protracted mode but also the overall
nature of the network. Eventually, just as vehicle characteristics, they may be adjusted to generate
an operating program that better fits with the foreseen demand.

Network Spatial Qualities - Line Lengths

Network qualities highlight the spatial aspect of theq w q r opkrétignal features. As argued in
subsection 2.5, the complexty of the network structures of public transport emphasize the need
to distinguish between the spatial typology of the public transport lines.

The spatial characteristics are a relevant feature to consider during the residual capacity estimation

due to the existence of divergent operating conditions among different line typologies (e.g.
frequencies, journey length, distribution of the occupancy) and the fact that demand also fluctuates
throughout space (see subsection 2.4.4).In the particular case of route lengths, line typologies are

not only an indicator that can be usedto evaluate the acaessibility of the network by means of its
catchment area but they are also relevantin explainingr f ¢ n _ g q c | &iglengtls. Imthisc p _j |
sense,different route lengths alsoimpact on the protracted demand.

Vehicle-specific Occupancy - Critical Cross -section

Within public transp ort planning and management, assessing public transport demand entails a
close observation of the passenger movement across the network. As discussedsunbsection2.5.5.,
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the vehicle-specific occupancy is the cornerstonecharacteristic when conducting an estimation of
the residual capacity of any public transport structure.

The vehicle-specific occupancy relates the number of passengers being hauled in a public transport
vehicle throughout its route and considers this inside a framework of minimum standards.
Therefore, the vehicle-specific occupancy expressed as an Ofpccupancy rate) merges passenger
transport demand behaviour with the scheduled services of a protracted public transport line
providing mobility services within a given urban environment.

Acknowledging the fluctuations in passenger behaviour entails recognizing one of the main
objectives of capacity planning (see subsection 2.4.4),namely, the deliberate adjustment of the
scheduled capacity throughout the day to better fit the demand fluctuations at critical locations

(i.e. decisive crosssections). Thus by equating the features of the scheduled capabilities with the

public transport demand, as accurately as possible, the ORdisplays a dynamic nature.

Time of the Day and Distance to the City Center

The determining variables influencing the shifts in public transport demand go beyond the
interaction between users and theplanned public transport services to includethe spatiotemporal
aspects that characterize its dynamic nature Since the appraised vehicle-specific occupancy
information must be carefully contextualized as it forms part of the broader urban situation and

its functions, the OR information must be handled to reflect the spatiotemporal variations in

passenger transport demand.

As discussed in subsection 2.4.4 it remains of great importance to study the changesin public
transport demand across the city, throughout the day, and throughout the week. The
spatiotemporal nature of these shifts allows arranging the planned operations of the public
transport network (i.e. changes in frequencies and vehicle characteristics across the network)

The temporal fluctuations in occupancy are inherently correlated with their geographical situation
in the city. To explain these shifts, there is ro better example than to refer to the changesregarding
the overall direction of the trips generated in the network between morning and afternoon peak

hours. In the morning, there is generally a strong flow of commuters driving towards the inner city

area (e.g. CBD), and in the afternoon, the opposite takes place. Includingthe significance of the
inner city area asan element to referencethe temporal shifts in demand across the public transport
network is instrumental for deriving an understanding regarding temporal fluctuations in

occupancy.

The identification of a referencing element within the urban area is critical to generalize the
changes in demand within the existing public transport structures vis-a-vis the urban functions. As
discussed in subsetion 2.4.4, the registered changes in demandmay be referenced to a scecalled
8acl rcp nRdblicetrpanspony demvgnd is considerably influenced by changes inpopulation
density | b rfc rpgn jclerf rmu_pbqg rfc 8rage dbjedaiye
and source of all trips generated in the network (see subsection 2.4.4). In this regard, the
referencing element must befurther detailed since it considers the trips conducted throughout all
possible modes of transport.

In the specific ca®e of public transport demand, it is necessary to establish a point, which is
exclusively relevant to the public transport network in question. This point would be henceforth
gbc !l r gdgmdbility centerof gravigpu* | b af _ p _ a ring thg overdl flow wf
passengers throughout the daywithin the public transport network. As discussed in subsection
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3.6.1, the mobility center of gravity refers to the most dominant location in the urban environment
from the point of view of the public transpor t network. Ultimately, the lines bridging such critical
locations with the different commuter railway stations are particularly critical for passenger
transport compensation strategies.

4.3. General Approach Towards the Estimation of the Residual Capacity

In this subsection the conceptual approach that guides the structuring of a residual capacity
estimation framework is presented in detail. The approach detailed in this subsection is aligned
with the requirements and limitations explained in subsections 3.3.1 and 3.4.1, but above all else
with the method detailed in 3.5.2.

The proposed structure streamlines the six key determining variables discussed in subsection 4.2,
towards constituting a general residual capacity estimation approach for different public transport
modes. All together, the approach is purposefully built to ascertain the gap between the existing
capacity, made available by the scheduled operations, and the fluctuating spatiotemporal shifts in
public transport demand at any given moment.

In the following subsections, the general approach to evaluate the residual capacity across its
scheduled, demand and contextdependent components are derived. In subsection 4.3.1, the
approach to ascertain the scheduled capacity is discussed. Later, in substion 4.3.2, the approach
to ascertain the demand and contextdependent components is derived and discussed. Within this
subsection general assumptions to evaluate the OR of a public transport vehicle across its route
are introduced. Finally, aligned with the requirements (see subsection 3.4.1), a validation
procedure to be implemented on the assumptions derived in subsection 4.3.2 is structuredin
subsection 4.3.3.

4.3.1. Scheduled Capacityi Planned Operations

The proficient scheduling of public transport operations and the allocation of the scheduled

capacity is at the core of public transport planning and management. This premise has been
discussed in detail throughout subsection2.4.4, describing the scheduled capacity as the product
of the first three (of six detailed in table 4.1) determining variables relevant to residual capacity

estimation.

The relevance of the first two variables (i.e. vehicle hauling capabilities and operating frequencies)
can be immediately validated as they are circumscribed within equation 2.16. The mathematical
expression relates the passenger hauling capabilities of vehicles that operate at a certain frequency
within a given temporal interval (e.g. one hour), thus, establishing the scheduled capacity of a
public transport mean.

By reviewing the existing schedule of the assessed public transport line, the operating frequencies
can be unequivocally identified. Given that they describe the latest levels in capacity planning (i.e.
Network - Mixed Traffic Oriented Capacity, see2.4.4), the combined operational nature (i.e. more

rf | ml ¢ kc | md rp_lgnmpr' md rfc | crumpi %q
Consequently, issues derived from the combination of different line structures are inherently
included as part of the operational schedule, yet, the heterogeneous lengths of the public transport
lines still play a role in the development of the public transport demand.
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While the operating frequencies can be derived from existing schedules, establishing the passenger
hauling capability of a vehicle assigned to service a specific journey is a more complex task. This
can be done by means of standardized values to assert the maximum passenger hauling capabilities
for different vehicle types. The best examples are the standarized values provided in table 2.5 in
subsection 2.4.4 or the values providedby Schnieder (2015, p.68-72).

However, if a much more precise estimation wants to be conducted, a certain degree of operational
knowledge regarding the studied network would be required. Thus, for a more accurate estimation
of the scheduled operations, theactual vehicle carrying capabilities may be determined beforehand
with the local public transport companies.

4.3.2. Occupancy Rate (OR) Evaluating Assumptions

Whereasthe scheduled @apacity of existing public transport structures can be asserted by observing

their functional structure, evaluating the public transport demand requires a much more
comprehensive understanding. This is due to the complexity behind the n _qqgcl ecpqg%
behaviour (as explained in subsection 2.4.4.). Therefore, estimating the residual capacity of
different public transport modes aligned with the specific requirements of the model, an evaluating
approach that permits to handle the complexity behind evaluating the OR should be derived (see
subsection 3.4.1).

At the outset, the OR has been described as being dynamic and holding strong spatiotemporal
gualities. These qualities, which are deliberately aimed at addressing the fluctuating reaction of
users to the stieduled services within an urban environment, have been consolidated in three
demand-related determining variables (i.e. vehicle-specific occupancy, time of the day and
distance to the city center - see table 4.1). Such generalizations are derived from thediscussion on
public transport demand presented in subsection 2.4.4, as well as by the relevance of the residual
capacity discussed in subsection 2.5.5.

The OR, as generalized in equation 2.17 (see subsection 2.4.5) and complemented by the key
determining variables discussed in subsection 4.2nay be expressed as a mode and timespecific
function, which encompasses the distance to the mobility center of gravity asan independent
variable. For this purpose, four assumptions have been concocted in the efforto streamline the
discussed generalizations towards estimating the actual public transport utilization within the
general approach.

It is assumed that along its route, the OR of a public transport vehicle can be expressed as a
function of:

1. the time of the day (i.e. HVZ, NVZ and SVZ) and
2. its evaluated location in correspondence to a mobility center of gravity .

Furthermore, it is anticipated that the OR would:

3. experience a systematic growth as it approaches the identified mobility center of gravity
and
4. produce maximum values during the peak hours of normal working days.

To illustrate the interplay between the proposed assumptions and the identified key determining
variables, figure 4.1 sets them within a simple operational environment. The figure depicts the
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interaction between the scheduled capacity (red bars) and the average changes in occupancy (gray

bars) throughout a public transport vehicle%oq h ms p |l ¢ w, N_pr gasthechanggcj ct _

inrfc tcfgajc%qg metveosk iy ackaowledgiggrthfe distance to the city center (i.e.
mobility center of gravity ), and the resulting passenger flow for the two illustrated line types (i.e.
diametrical and radial lines).
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Figure 4.1 Assumed interplay between scheduled capacity andpublic transport demand (Crespo and Oetting 2018,
modified by author)

By the same token, the relevance of acquiring a temporal perspective is represented in figure 4.1
by depicting the fluctuations of the OR acrosstwo differe nt temporal categories, utilizing the HVZ
and NVZ as examplesFurthermore, figure 4.1 also outlines the context in which the OR reaches
its maximum values and the way in which these fluctuations could be potentially dampened by
readjusting the scheduled @apacity throughout the operational day .

To complement the discussed generalizationand close the gap in the establishment of the OR as a
parameter, the fluctuations of the OR in space must be explained by a theoretically derived
mathematical function (seefigure 4.2). Initially, since the OR is expected to producea maximum
value in the vicinity of the mobility center of gravity, and being this the point of reference, the
mathematical function would necessarily possess a negative slope as the OR would decase the
further the vehicle gets from the city center or CBD.

Furthermore, as discussed in 2.4.4, urban density is highly intertwined with public transport
bck Ib _I'b ncmnjc%g rp_lgnmpr “~c¢cf tgmsp, Rfsqg*
in urban density. Urban density has been generalized as to growowards the city center or CBD

(see subsection 2.4.4) On the other hand, the public transport demand (i.e. modal-split) is also

said to change in space across the urban landscape, where the sel@oh of the travel mode changes
according to its distance from the mobility center of gravity (i.e. total trip length) (see subsection

2.4.4). In this case, it is anticipated that the selection of the travel mode changes in detriment of
public transportation. The combined effect of these two influences is assumed tochave central
relevancein explaining the rate in the fluctuations of the OR of a public transport vehicle along its

route.
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As aresult, as depicted infigure 4.2, the OR function is assumed to:

5. be explained by a monotonically decreasing function vis-a-vis its measured distance from
the local mobility center of gravity. A linear function is utilized in figure 4.2 to simplify
the representation of a monotone decrease in the OR of a vehicle along & route.
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Figure 4.2 Route-base occupancy rate (OR) of a public transport vehicle expressed as a function of the spatiotemporal
changes of demand (by author)
To substantiate the relevance of theisolated key determining variables and the informative value
of the five assumptions proposed thus far actual operational information must be gathered and
assessedFor that reason, the systematic acquisition of this information and the structuring of an
approach to assesses the retrieved information becomes instrumental fodetermining the strived
OR function, as outlined by the proposed assumptions.

4.3.3. Validation Procedure of the OR Assumptions

The assessment ofictual operational information must be developed within the framework of the
assumptions proposed in the previous subsection as well as by taking into account the
requirements and limitations of the model (see subsection 3.3.1 and 3.4.1). In this subsection the
characteristics of the operational information and evaluation procedure to validate the proposed
OR assumptions are outlined in detalil.

Initially, t he features of the required operational information to validate the assumptions and the
assembly of the OR functions are detailedbelow. Later, a new procedure to processthe retrieved

information and structure the public transport and time -specific OR functionsis proposed and
described in detail.

Features of the Required Data

The retrieved operational data must convey specific features that make the validation process
compatible with the general approach(as explained in subsection 3.4.1).

Since the most important attribute to be evaluated is the occupancy rate of vehiclesacross a
network, the data must be collected employing public transport surveying techniques that capture
information with the desired precision. Thus, despite its limitations, direct vehicle-specific
passenger counts(see subsection 2.4.4) conducted throughout a particular set of journeys
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constitute the most adept surveying technique. Information with this level of accuracysatisfiesthe
required granularity, as it systematically recordsthe number of passengers boarding and alighting
dpmk _ j gl c%qg sanddocthe chapgeshn phssesger nambers betweerstops.

The recorded information must also take into consideration the relevance of the temporal changes
in demand. Hence, the retrieved information must distinguish the variations in demand for at least
an entire day of operations. Furthermore, the surveyed timespan must fallon a working weekday
during the school season to capture the maximum demand values (as discussed in subsection
2.4.4).

Whereas the actual scheduling of public transport services requires a thorough evaluation of
historic passenger surveys (i.e. a more etensive sample size), the collected information within the
framework of this Q¢ a r panirefoents must properly validate or contestthe assumptions made
in 4.3.2. Therefore, since the modelis to be usedwithin the context of railway-disrupted situations
to assess intermodal passenger rerouting measures thabught to be still deliberated with local
public transport operators, the collected sampledoes not needto be soextensive. That said, for a
proficient validation of the proposed assumptions and to secure the general implementation of the
framework, it is advantageousfor the collected information to be sourced from a wide range of
technical and operational environments and including all public transport modes established by
the requirements, namely, buses, light rail and subway networks (see subsection 3.4.1)

Data Evaluating Procedure

Once the passenger counts for all the timetabled journeys during an entire day ofoperations for a
given set of lines and networks are available, the effective validation of the OR is divided into six
steps. The steps derive from the capacity analysis as well as the features discussed within the key
demand-related determining variables and should be conducted chronologically in each one of the
evaluated public transport networks.

i) Establishing themobility center of gravity

First, to calculate the route distances of all the scrutinized lines within a network, the respective
mobility center of gravity must first be identified. Different approaches can be utilized to locate
the mobility center of gravity of a public transport network. Each of the approaches would allow

establishing the location with dissimilar degrees of accuracy and complexity.

Initially, an approach compatible with the available information (i.e. passenger ounts for all the
timetabled journeys during an entire operational day) can be derived based on the key demand
related determining variables discussed in subsection 4.2. Themobility center of gravity may be
established in accordance with the decisive cros-sections through which the most significant
passenger flows throughout the day have been considered. Daily flows at the crossections can be
utilized so as to select stops which are decisiveacrossall temporal categories. Furthermore, the
decisive cros-sections should be carefully established so as to converge around one area, thus,
allowing to consider the implications of other existing lines, public transport modes, and urban
functions. Once these crosssections are identified, a centerof gravity is positioned in an attempt
to equilibrate the strength of the net inflow and outflow of passengers traversing through the
converged sections.

Nonetheless, existing approachessuch as the ones introduced in Oetting (2002), may also be
utilized as alternatives to establish the mobility center of gravity.
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Oetting (2002), introduces two approaches based on the transportrelevant features of the study

area. The first approach foresees to divide the study areaito 8acj j gu mp gs  _

appointed with their transport relevant characteristics, such as, the number of inhabitants and
transport offer. The modelling of the networks of the individual transport means allows

_q*

establishingr f ¢ rp_l gnmpr qgsnnjw _|I b bck_|I b "~ coau&adj j§ac

with the highest supply and demand can be identified as the mobility center of gravity. The second
approach foresees the division of the study area in concentric circles. The circles are located such
that the center indicates the location of the mobility center of gravity . This can be established by
means of the transport supply and demand for the different routes towards the main destination
area, which would constitute the mobility center of gravity (Oetting 2002, p. 204).

While the approaches pioposed by Oetting (2002) can be utilized to establish the maobility center
of gravity with a high degree of accuracy, they require collecting additional information regarding
the transport-relevant features of the study areas. Additionally, the author also highlights that the
processing time, if the whole system wants to be taken into consideration, may be of consideration
(i.e. around six man-months for computing a whole city - see Oetting 2002, p. 204). Therefore,
the approach described at the beginning ofthis point, which utilizes the daily flows at the cross -
section, is the standard approach recommended for the validation purposes of the OR.

i) ldentifying the Temporal Categories

GI_ gcamlb grcn* rfc peakhomp(NVAGSVD) mustbe ideRifledFor _ | b

this, the net inflow and outflow of passengers at the decisive crosssection for all passenger
journeys per public transport line are broken into one-hour intervals and assigned to one of the
three temporal categories (i.e. HVZ, NVZ or SVZ) on the basis thdr service intervals and the
respective total number of services.

Since the information is specific to the direction of travel, it is first necessary to identify the point
of the day in which the outflow starts dominating the inflow o f passengers. At last, the temporal
categories are decided by clustering each hourly interval ordered data pair (i.e. summarized
passenger flow andthe number of journeys for the one-hour interval) using an iterative approach,
which adopts a centroid method (as in Milligan and Cooper, 1987).

The iterative clustering approach is structured as follows:

1. Each hourly interval representing a weekday (i.e. from Monday to Friday) is represented
as an ordered pair of the form: X, Y; where X represents the total numker of journeys and
Y is the dominant flow of passengers. A preliminary clustering of each data pair to one of
the three temporal categories w is conducted manually, so as to initiate the clustering
process.

2. All pairs belonging to the same categoryw are averaged, constituting in this way the new
centroids for each temporal category (i.e.® , ® )

3. The sum of squared differences between the originalordered pairs and the identified
centroids for all temporal categories is calculatedas generalizal in equation 4.1.

Y 0 OTAXDOQQT QO Wl O ® 18]
where:
X Total number of journeys within the assessed hour interval
Y Dominant flow of passengers within the assessed hour interval
@ The resulting centroid of the number of journeys for temporal category w
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® The resulting centroid for dominant the flow of passengers for temporal
category w
4. For each one of the ordered pairs, the temporal category of the centroid with the minimum
square difference (calculated in step 3.) is identified. The resulting temporal category
either confirms or signifies the need to exchange the previously assigned category for the
respective ordered pair.
5. The sum of all minimum square differences is calculated as anoverall indicator of the
iteration.
6. Repeat steps two to five until the sum of all minimum squares, in step 5, does not fluctuate
anymore after two consecutive iterations.

The approach can be introduced certain modifications if the information of weekend days wants

to be supported. The same approach from steps 1 to 6 can be utilized with inflow and outflow of
passengers respective to Saturdays and Sundays. Alternatively, the clustering process can also be
conducted with passenger flow information regardless of these being week or weekend days,
however, this is not aligned with the OR assumptions outlined in subsection4.2.

i) Route Length Normalization

Third, to make the lines with different lengths comparable between each other, the individual

route lengths must be normalized. The normalization implies dividing the total route length by

itself and making it equal to 1. The length at the intermediate stops becomes the cumulative
fraction of the total length.

For the normalization, the total route length is defined as the computedt ¢ f gaj ¢ %g qgncag
distance between theidentified mobility center of gravity _ | b r f end/starting s¥op. In the

case of diametrical lines, these are considered as two radial lines separated at the identified center.

Additi onally, for lines that modify their scheduled route or route length throughout the operational

day, the route length normalization must be conducted separately, by clustering all the journeys

with the same characteristics.

Accordingly, the total route lengths result from measuring the covered route distance from the
j gl c%g dgp qtoitsstep lagim the gosestdorthmmobility center of gravity , plus the air
distance from said point to the stop. To derive the actual distance between themobility center of
gravity and the stop, the air distance must be multiplied by a detour factor *Y (Walther, 1973
p.54), which allows the actual walkways to be traced to public transport stops. The detour factor
"Y is calculated as generalized in equation 4.2; where & represents the ar distance measured
between the stop and the mobility center of gravity.

Y p uviptpQ i " (4.2)
All measurements (i.e. between stops, from the st to the mobility center of gravity ) should be
conducted via web mapping services (e.g. Google maps) and supported by the geceferenced line
route plans made public by the local transport operators. For light rail and subway networks, the
measurements betveen stopsare derived from the estimated center of one station, following the
georeferenced route to the center of the next station. For bus networks the measurement is
conducted from the direction-specific stop along the gecereferenced route length to the next
direction-specific stop.

iv) Identifying the JourneySpecific OR Throughout the Route
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Fourth, the shift in the number of passengers alongeach recorded journey can be deduced by
relying on the passenger exchange information at every stopgonly for th e datasets constituted by
passenger exchange information) This information can then be transformed into the
corresponding OR by placing it in relation to the scheduledvehicle capacity, hence, resulting in a
percentage value

v) Identifying the Averaged ORor each Line and Temporal Category

Fifth, having identified the OR across all the recorded journeys,an average OR is computed for all
journeys within the same temporal category and at the same the normalized distance from the
identified mobility center of gravity may be calculated. As a result, the averaged OR specificto
each assessed line and directionfor the three temporal categories referenced can be determined
in relation to their recorded distance to the identified mobility center of gravity . The resulting
ordered pairs (i.e. averaged OR and its normalized distance to the identified mobility center of
gravity) become the building blocks of the OR function fitting process.

vi) Function Fitting

As a final step, the ordered distance-OR pairs for the samemode (i.e. bus, tram or light rail and
subway) and temporal category (HVZ, NVZ and SVZ) generated in the previous step areplotted
together. This allows for the function to be fitted to the scattered plots by means of a regression
utilizing a linear model, as established by assumption number five discussed in subsection 4.3.2

The fitness of the data pairs to the linear model constitutes a prime indicator for validating the
proposed assumptions and the overall generalizations. However, before thestatistical fithess of
the resulting OR functions are evaluated, the functions must first validate all four assumptions so
as to fully account for this Q¢ a r gbiattid%és and requirements outlined in for this part of the
work (see subsection 3.2.1).

4.4. Scrutiny of Operational Information -OR Validation and Function Assembly

To validate the informative value of the isolated key determining variables and the relevance of
the proposed assumptions actual changes in vehiclespecific occupancythroughout the route of
multiple public transport modes and networks must be tested and reviewed as discussed in
subsection 3.4.1 The scrutiny of operational information would ultimately allow corroborating
the functionality and relevance of the assumptions for their utilization within the module to be
derived in subsequent sections.

The assessment of actual operational informationby means of the framework described in the
previous subsectionis discussed and exemplified throughout this subsection.The process would
allow outli ning the validity of the OR functions, as foreseen by the assumptionslescribed in 4.3.2.

The scrutiny of the operational information for the validation of the assumptions is advanced in
the following subsections. Initially, the study area is briefly defi ned in the following subtitle. Later,
in subsection 4.4.1, the retrieved data from the study area is discussed. Thereafter, in subsection
4.4.2, the assembly of the mode and timespecific OR function through an exemplified
implementation of the validation procedure detailed throughout subsection 4.3.3 is presented.
Finally, a discussion regarding the resulting time and mode-specific OR functions derived from the
subsection 4.4.2 is provided.
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Definition of the Study Area

Within the framework of this Section passenger counts from 6 different German cities and
networks have been collected namely, Esslingen, Frankfurt a.M., Hamburg, Ludwigsburg,
Stuttgart and Wiesbaden. The cities have been selected ornthe basis of the availahlity of the
required information, however, it has been strived to collect data from the three public transport
modes, namely, bus, light rail and subway, as required in subsection 3.4.1.

In the subsequent paragraphs, the operating conditions and capabilities of the assessed public
transport networks in the evaluated urban areas will be discussed. This is done to present ageneral
overview of each one of the assessed networksand the nuances behind the operations of the
collected datasets

The information displayed in table 4.2 provides an overview of the operating conditions and
magnitude of the six assessed public transport networks.This information enables a differentiation
between specific features of each of the assessed networks during an entire year of operations (i.e.
the number of public transport operators, the number of transported passengers, and places per
kilometre).

Table 4.2 Annual overview of the transport structures across thesix assessed public transport etworks (VDV 2016)

City Passengers People-Km Tot. | Vehicle-Km PIachm
(7sd) (7sd) (7sd) (Mio)
Esslingen N.D. 29.793 2.902 287
Frankfurt a.M. 249.729 1.688.356 39.361 10.192
Hamburg 473.825 2.642.296 98.800 16.478
Ludwigsburg 15.000 71.520 3.244 260
Stuttgart 183.829 760.864 32.131 5.893
Wiesbaden 55.362 276.810 12.404 1.014

Furthermore, the general qualities of the protracted networks and the explicit performance of each
public transport mode must also be considered in detail. Therefore, table 4.3 highlights, with
mode-specific granularity, the passenger transporting capabilities throughout one year of
operations (i.e. 2016) in all six assessed networks.

Table 4.3 Annual overview of the public transport modesacross thesix assessegublic transport networks (VDV 2016)

City Esslingen Frzr;l;fgrt Hamburg * Ludwigsburg  Stuttgart Wiesbaden
Total Vehicles 58 290 1.345 66 352 242

é) Vehicle-Km (Tsd) 2.902 12.607 82.845 3.244 16.451 12.404

Places-Km (Mio) 287 1.230 6.492 260 1.237 1.014
> Total Vehicles - - 238 - - -
£ | Vehicle-Km (Tsd) - - 12.486 - - i
| Places-Km (Mio) - - 8.245 - - -
=3 Total Vehicles - 427 - - 189 -
g X | Vehicle-Km (Tsd) - 14.805 - - 15.680 -
"~ | Places-Km (Mio) - 5.209 - - 4.656 i

* The rest for both the Vehicle-Km and PlacesKm is conducted via regional commuter rail (outside of scope)
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Dpmk rfc gldmpk_r gml npcqgclrchb gl r_"jcq 2,0
capabilities for each public transport mode can be appeciated. Overall, by comparing this
operational information, three strict patterns emerge.

First, the city of Hamburg stands out from the datasetwith the largest number of passengers and
place-km transported. Both of the considered public transport modes have significant transporting
capabilities and are organized to share a similar load of the total generated trips Moreover, among
the assessed networksHamburg is the only city serviced by a subway system.

Second, the networks in Frankfurt a.M., Stuttgart and Wiesbaden can arguably be clustered
together. All three networks have bus systems with similar capabilities and each of them is able
to supply around 1 billion places per kilometre on an annual basis. However, the networks of the
first two cities are complemented by light rail systems with similar capabilities, which enables them
to expand the annual hauling capabilities of the system by around 5 billion places per kilometre.

Third, the cities of Esslingen and Ludwigsburg have the smallest networks Their bus systems are
merely capable of supplying less than 25% of the places per kilomete as compared to the bus
systems in the previous cluster and less than 4% when compared with Hamburg.

Conclusively, the public transport networks across the 6 urban areas display very eclectic data sets
as they vary significantly in size and transporting capabilities. The inherent relationship between
the extent of the urban functions and the aptitude of the reviewed transport capabilities must not
be ignored. As awhole, this sample of diverse networks provides a substantial range of possible
operating situations and therefore offers a worthy testing ground to challenge the assumptions
guiding the establishment of the OR functions for the different public transport modes towards its
respective validation.

4.4.1. Detail and Quality of the Retrieved Data

Having described the study area, the specific qualities of each dataset can be further discussed. It
is important to bring attention to issuessuch asthe magnitude, limitat ions and overall ability of
each network to abide by the requirements discussed in subsection 4.3.3

The retrieved datasetsconsist of passenger exchange records for the timetabled journeyslong 25
different lines for all the three required public transport modes (see subsection 3.4.2),
corresponding to one entire day of operationson a working day during the schooling season in the
year 2016. What is more, from the information retrieved, it is possible to decipher the actual
occupancy of a vehicle for exh specific journey. Therefore, the granularity of the information
retrieved fulfills the requirements described in the previous subsection.

Table 4.4 details the structure, the magnitude, and the surveyed season of the assessed lines in all
six networks. A total of 25 lines across all six networks have been assesseahd the spatial structure
of these lines can be further appreciatedin figure 4.3.
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Figure 4.3 Assessedublic transport lineswithin every public transport network : a. Hamburg (HVV 2016a); b. Stuttgart
(VVS 2016a); c. Frankfurt a.M. (RMV 2016a); d. Wiesbaden (ESWE 2016a); e. Esslingen (VVS 2016b); f. Ludwigsburg
(VVS 2016c¢)

These lines have beerchosen onthe basis of their total length and th eir ability to connect the city
center with the outskirts of their respective urban areas. Therefore, lines with both radial and
diametrical qualities were preferred over those with circular characteristics due to their overall
structure and the amount of information that can be extracted from these line typologies (see
subsection 2.4.4).

Table 4.4 provides in-depth information about the six networks that have been studied and the 25
assessed lines that constitute the retrieved data set of this study. Inable 4.4, the first three columns
provide information regarding the studied network, mode and the operating number of the
assessed line. Additionally, the length of the line and the number of stops where passenger
exchange information was recorded is detaled in the fourth and fifth columns of table 4.4.
Moreover, the number of journeys for which passenger exchange information was recorded and
the surveyed period is detailed in the sixth and seventh columns of table 4.4. Finally, the source
of the informati on is provided in the last column.
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Table 4.4 Assessedublic transport networks, lines, modes and data set sources (by author)

Approx. Amount Retrieved N°
Urban Mode R_ecordegl Line Length of Stqps Journeys Surv_eyed Source
Area Lines (N°) (km) per Line (Per Period
(N°) Direction) **
101 9 18 77175 Autumn WS
Esslingen Bus 108 6 15 56/ 61 2016
(2016d)
110 6 13 62/ 64 Mo - Fr
2 17 21 139/136
Light 3 19 28 72171 Autumn
Frankfurt Rail 4 11 15 171/171 2016 traffiQ
a.M. 6 9 15 128 /130 Tu, We, (2016)
7 12 20 124 /125 Th
8 12 19 80/80
1 51 46 221/ 214 Spring HVV
Hamburg | Subway 2 26 25 202 /216 2016
(2016b)
4 13 11 112/113 Mo - Fr
. 421 10 21 86/83 Spring
L“g&";gs' Bus 427 9 20 86/ 82 2016 | ove)
430 14 26 56 /58 Mo - Fr
4 10 22 111/113
. 5 16 22 56 /55 Autumn
Stuttgart LF'g;It 7 26 36 109/ 109 2016 (Zg’;’;)
9* 14 28 107 /107 Mo - Fr
14* 22 33 104 /105
4 10 30 129 /127
S 14 34 92/93 ggggg'n ESWE
Wiesbaden Bus 17 10 27 79/ 86 2016 (2016b)
22 20 38 35/22 Mo-Er
48 25 39 12/ 44

* The data for Lines 9 and 14, were collected during construction works after May of 2016.
** The information in this column is provided for every direction of travel X or Y, as: X/Y.

The number of recorded journeys across all assessed networks can be determined by the total
number of recorded stops for each line (fifth and sixth columns in table 4.4), providing a picture

of each networkg k el gr sbec, Dmp c¢cv_knjc* _apmqgq _jj md
130.000 occupancy data points have been retrieved. While this is a good start, an even better
appreciation of the overall magnitude of the retrieved information will be possible during the
implementation of the validation procedure.

It must be clarified that for the assessed lines in Frankfurt a.M., the information for all light rail

lines in the city is limited to specific crosssections acoss its network and the passenger exchange
information f _q "~ cc | mljw gsptcwcb _r gncagdga dgr mng
such, it stands out as an exception to the general structure of the datasets described above.

Table 4.5 Surveyedstops per every assessedine - Frankfurt a.M. Light Rail (traffiQ 2016)

Line N° Public Transport Stop
2 Kalbach; Heddernheim; Eschenheimer Tor
Niederursel; Heddernheim; Eschenheimer Tor
Schaéfflestralle; Merianplatz; Willy -Brandt-Platz; Festhalle/Messe
Industriehof; Alte Oper; Zoo
Industriehof; Alte Oper; Zoo; Schéafflestralle
Niederursel; Heddernheim; Eschenheimer Tor

N[O | W
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On another note, the passenger exchange information data sets from all networks lave been
a_nrspchb rfpmsef rfc ?NAQ gsptcwgle rcaflgosc*
lines. In the case of Frankfurt a.M., information was gathered by means of manual passenger

counts at the stops displayed in table 4.5.

All five datasets captured through APCS were corrected and compensated as detailed in (VDV
2018). The correction and compensation procedure is necessary since APCS generates inherent
errors as it: a) is not able to differentiate between passengers boarding and alighting from the
vehicle to facilitate passenger exchange at a given stop; b) fails to recognize passengers that remain
in the vehicle at the last station during the turn -around time; and c) is occasionally subject to
instrumental miscounts. The maximum net error range allowed between sampling and
measurement errors is 5%, which is also the limit accepted for the manual surveying techniques
(VDV 2018). As a result, the errors of the retrieved datasets should fall within the explained
surveying accuracy standards {.e. £5%).

Example of Dataset Structure and Granularity

To exemplify the structure of the retrieved information, table 4.6 circumscribes the journey -specific
granularity during aone-f msp ugl bmu dmp 5 md rfc [/ // hmsplcw
pP_gj jglc 8S2u ud@lddrlinpfatzie, bgpcar gml rm 8F

For every journey, which is identified by its starting time -stamp, the table details the recorded
vehicle-specific occupancy (i.e. including both standing and seating passengers)between two
particuap gr mngqg, Gr pcampbg rfgg t _jsc _r rfc _ppgtg
passenger exchange.For example, for the journey starting at 07:33 between the stops
§Sl rcpr Cpi WasgnstiaRer | rbf ¢c§8 t cf gaj c pcampb csengerslatthma as n _
qr nWaseBstraRet, Qgl ac §SlrcprCpifcgkp gg rfc jglc%qg n

Table 4.6 Passengers transported between tops-St u t t lglat rail lioes'U4"di r ect il deril Hhpl at zd (VVS

Maximum Vehicle Capacity: 246 Passengers
Stop Name Journey Starting T!me '
(Total Number of Passenger in the Vehicle )
07:33 07:43 07:53 08:03 08:13 08:23 08:33

Unterttrkheim -- -- -- -- -- -- --
WasenstralRe 52 26 32 54 37 29 43
InselstralRe 49 31 34 62 47 38 55

Im Degen 58 34 46 68 51 51 56
Brendle (GroRmarkt) 62 30 53 72 49 56 63
Landhausstralie 74 28 53 74 49 56 64
Gaisburg 87 34 62 74 55 62 70
Ostheim LeoVetter-Bad 121 65 80 100 72 127 116
Ostendplatz 189 87 98 119 78 167 130
Bergfriedhof 214 105 144 139 94 206 140
Karl-Olga-Krankenhaus 213 114 142 162 93 210 137
Stdckach 226 122 149 164 89 225 131
Neckartor 169 103 139 144 97 164 113
Staatsgalerie 165 110 157 146 97 167 111
Charlottenplatz 122 102 163 149 97 167 111
Rathaus 107 108 165 144 128 212 137
Stadtmitte 97 96 155 111 125 184 119
Berliner Platz (Hohe Stralie) 59 62 103 70 69 150 74
Berliner PI. (Liederhalle) 33 55 59 35 55 121 69
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Maximum Vehicle Capacity: 246 Passengers
Stop Name Journey Starting T?me _
(Total Number of Passenger in the Vehicle )
07:33 07:43 07:53 08:03 08:13 08:23 08:33
Rosenberg/Seidenstr. 30 54 47 33 55 112 62
Russische Kirche 18 28 10 18 43 71 36
Hélderlinplatz 7 17 5 11 34 47 18
The structure of the vehicle-specific occupancy described by table 4.6, is consistent across all
I crumpi g cvacnr d mp Dp_lidspr _, K, %q jgefr
Ugcq  _ b cihe%dror thesfigst two cases, the vehiclespecific occupancy must be constructed

from the passenger exchange information (i.e.the number of boarding and alighting passengers)
and in the case of Wiesbaden the information only allows for the identificati on of the utilized
vehicle types for each journey.

In the case of Hamburg, the passenger exchange information provides a reasonable picture of the
vehicle-specific occupancy between stations (see table 4.6.) without major errors due to the
already corrected and compensated values. Only 3.1% of the total recorded journeys (33 journeys)
resulted in negative passenger occupation values. The negative occupation was fset to zero at
the station where this error was first identified.

In the case of Frankfurt a.M., since data is only available for specific crosssections, information on

the vehicle-specific occupancy is limited for all lines. The information is only available at surveyed
stops However, by considering passenger exchange informationit is also possible to identify the

number of passengers leaving the surveyed station angdthus, the vehicle-specific occupancy at the
next stop.

In Wiesbaden,itis only possible to identify the utilized vehicle types per journey and the maximum
vehicle capacitiesdetailed in table 2.5 displayed in subsection 2.4.4

Table 4.6 provides an example of the general structure of processes information. The resulting
journey-specific occupancy records between stops constitute the core input for assembling the
mode and time-spedfic OR functions.

4.4.2. Example of the Assembly of the Mode and Time Specific OR Functions

Following the procedure described in subsection 4.3.3 the respective OR function can now be
assembled. This subsection describes the handling of all retrieved informabn for all six steps of

the validation procedure. For the purposes of this example, the general OR assembly function and
validation areaml bsarcb ugrf rfc b_r_pcampbcb dpmk

Establishing the mobility center of gravity

When edablishing the mobility centers of gravity, a balance should be struck between identifying
the decisive crosssections and acknowledging the relevance of further mobility structures within
the network. Both of these considerations must be evaluated simultaneously in order to recognize
the locations of converging elements around the most relevant areas for local urban mobility. This
allows the proficient identification of mobility centers of gravity.

To identify decisive crosssections, the flow of passenges throughout the different stops must be
summarized, over the course of an entire day of operations. The summarized passenger flows in
table 4.7 represent the number of passengers arriving at the recorded stop over the course of the
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day, and the values dsplayed at a given stop can provide insight into the relevant inflow of
passengers or the relevant outflow from the previous stop.

Table 4.7 displays the daily passenger flows at all the stops forQr srr e _pr %q j gefr
both directions of travel and identifies the crosssections with the decisive passenger flow. The
colour in the table highlights the identified passenger flow for that specific stop compared to the
maximum (red) and minimum (green) value identify for all stops in the same direction of travel.
The crosssection identification procedure should be conducted for all the assessed lines in the
Stuttgart light rail network and likewise throughout all assessed networks.

Table 4.7 Daily passengerflows perstop -St u t t lgght rail liaes"U14" for both directions of travel (by author)

Direction - Direction -
Station Heslach* Neckargroningen *
(passengers/day) | (passengers/day)
Neckargroningen Remseck 1467
Aldingen Briickenstral3e 1416 1554
Aldingen Mihle 1673 1994
Aldingen Hornbach 2168 2345
Muhlhausen 2626 3296
Auwiesen 3425 3576
Hofen 3770 4126
Max-Eyth-See 4407 4661
Wagrainacker 4845 4710
Elbestral3e 5021 5146
Freibergstralle 5463 5757
Munster Rathaus 6040 6569
Munster Viadukt 6780 6727
Kraftwerk Munster 6925 6893
Muhlsteg 7110 7325
Rosensteinbriicke 7592 7358
Wilhelma 7636 7912
Mineralbader 7962 8033
Metzstralie 7898 8667
Stockach 8573 9383
Neckartor 8585 10187
Staatsgalerie 9145 10189 (OUT)
5354 (N
Borsenplatz 8881 8776
Berliner PI. (Liederhalle) 8586 8119
Berliner Platz (H. Stral3e) 7438 8157
Stadtmitte 7692 9545 (IN)
Osterreichischer Platz 9292 (OUT) 7896
Marienplatz 7998 5256
Erwin-Schoettle-Platz 5095 3348
Bihlplatz 3324 1838
Sidheimer Platz 1764 1165
Heslach Vogelrain 955

*The colour scale tracks the changes in the passenger flow per stop where Green represents the lowest and Red the
highest.

Since the establishment of the mobility center of gravity must be done in parallel with the
consideration of further mobility structures, the identification of the decisive cross -sections for all
assessed lines in Stuttgart must be contrasted with their position in the public transport mobility
environment, as displayed in figure 4.4 (b.). By taking this approach, not only is the importance
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of the sections with the strongest flow of passenger evaluated but so is the way the flow develops
within the context of the wider public transport network.
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Figure 4.4 Schematic representation of the d ecisivecrosssections andthe location of the mobility center of gravity for

every assessed public transport network a. Hamburg (HVV 2016c ); b. Stuttgart (VVS 2016e); c. Frankfurt a.M. (RMV
2016b); d. Wiesbaden (ESWE 2016c); e. EsslingévVs 2016f); f. Ludwigsburg (VVS 2016chll modified by author .

Table 4.8 depicts the results of the comparison analysis displaying the daily passenger flows at the

crosssections identified as decisive. Sinc
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directions of travel, it is possible to identify the difference between incoming and outgoing
passenger flow in the converged crosssection area. The difference between the accounted inflow

and outflow of passengers is as low as 0.9 %.

By overlaying information from table 4.8 with figure 4.4 (b.) and balancing this with the traversing
flow of passengers, the mobility center of gravity according to the retrieved data for the public

transport network od Qr srr e

_pr

gq

j ma_

rcb _r

rfc gr _rgml 8§ /

identified mobility center of gravity stands as a relevant intersecting location between passengers
moving within the investigated urban area from east-west and north-south as well as for the
significant intermodal connection between the light rail and the bus systems.
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Table 4.8 Daily passenger flows at the decisivecrosssections for all assessedines-St u t t gt rail (bysauthor)

Cross-Section (Inflow) Cross-Section (Outflow)
Line Number Station Passengers/ Station Passeaigers/

day day

U4 - Dir. Hoélderlinplatz Staatsgalerie 7140 Charlottenplatz 7227
U4 - Dir. Untertirkheim | Charlottenplatz 7316 Staatsgalerie 7136
U5 - Dir. Leinfelden Charlottenplatz 4014 Olgaeck 4861
U5 - Dir. Killesberg Olgaeck 5551 Charlottenplatz 4754
U7 - Dir. Nelligen Hauptbahnhof 11703 Charlottenplatz 14046
U7 - Dir. Ménchfeld Charlottenplatz 13801 Hauptbahnhof 11867
U9 - Dir. Botnang Staatsgaleie 9580 Borsenplatz 7548
U9 - Dir. Hedelfingen Borsenplatz 6451 Staatsgalerie 8357
U14 - Dir. Heslach Hauptbahnhof 9354 Stadtmitte 9292
U14 - Dir. Remseck Stadtmitte 9545 Hauptbahnhof 10189
Difference = 0.9 (%) TOTAL 84455 TOTAL 85277

The identical procedure is then conducted for all the assessed public transport networks. The
identification of their decisive cross-sections,an evaluation of their existing mobility situation and
the establishment of their mobility center of gravity can be appreciated in figures 4.4 (a-f).

Identifying the Three Temporal Categories (HVZ, NVZ and SVZ)

The three temporal categoriesshould be distinguished by clustering the dominant hourly flow of
passengers at the decisive crossections and the number of journeys transpred during the
respective interval as a coordinated pair.

Before performing the iterative clustering approach, the passenger flows andthe number of
journeys must be summarized into the respective onehour intervals. The respective passenger flow
at the decisive crosssectionis_ gqggel cb rm _ rcknmp_j glrcpt |
time-stamp. Therefore, for every line and direction, the starting time-stamp is decisive for
circumscribing a particular journey and the passenger flow within a temporal interval. In this way,
the respective information pairs (X, Y) used in the clustering are created.

Dgespc 2,3 npmtgbcg _ qskk_pgxcb mt npartdeguflows md
from the center and the number of journeys for every hourly interval throughout the entire
operational day. Moreover, the figure also supports the identification of the instant at which the
outflow of passengers becomes dominant over the inflow of passengers in this case, this
occurrence begins at 12:00 trs.

Rfc mpbcpcb n_gpg 8V* Wu _pc rfecl eclcp_rch*
total dominant passenger flow within the hourly interval. These must subsequently be clustered
into one of the temporal categories (i.e. HVZ, NVZ and SVZ). A described in subsection 4.3.3the
clustering method is focused onidentifying the minimum square difference between the ordered
pairs and the resulting centroids specific to every temporal category.

To initiate the clustering process (clustering step 2 - see subsection 4.3.3), manual clustering
results in the identification of a preliminary set of centroids for each temporal category. As an
example, the last row of the table in figure 4.5 displays the outcome of the preliminary clustering
d mp Qrsslight rail, wheréthe temporal categories are recognized as: SVZ=1; HVZ=2 and
NVZ=3. The resulting centroids (i.e. the average within each temporal category) for the manual
clustering resultin: & o@®, ® ppPp®@WY® ULV& VO YPqgRIWBNd® UVE VO TYULW
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Passenger Flow In and Out the City Center
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Figure 4.5 Summarizedpassenger flow at the decisivecrosssections for all assessedbtuttgart 0 light rail lines (by
author)

Following the preliminary clustering, the actual clustering process can be conducted (see
subsection 4.3.3). As an example, table 49 summarizes the iterative process to find the adequate
temporal cluster for the interval between8:00hrs.-6 8 37 f pqgq, 9 ufcpc rfec
as: X = 55 (number of journeys), and Y = 7112 (passengers/hr) (see figure 4.5). All iterations of
the clustering process must be conducted simultaneously for all intervals, however, it should be
noted that this example only displays the results for one single interval.

Table 4.9 Exampleof the iterative clustering process for a sngle interval -St u t t lglat rail (bysauthor)

Time Interval - 08:00-08:59
Iteration Manugl 1S.t 2nq Calculation
Clustering Iteration Iteration .
Starting Cluster 3 2 2 (asin 4.3.3)
Centroid @ 315 32.14 32.14
Centroid @ 1147.5 1365.29 1365.29 2
SquaredDiff. w/Centroid 1 35575812.5 33025247.5 33025247.5 3
Centroid @ 55.25 55.2 55.2
Centroid @ 8204.25 7985.8 7985.8 2
SquaredDiff. w/Centroid 2 1193010.13 763526.48 763526.48 3
Centroid @ 51.45 52.78 52.78
Centroid @ 4859 4851.67 4851.67 2
SquaredDiff. w/Centroid 2 5076021.57 5109111.72 5109111.72 3
min. squared Diff. 1193010.13 763526.48 763526.48 4
New Cluster: 2 2 2
Total min Diff: 13608142.40 | 13037023.40 13037023.40 5

mpbcpc
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After the clustering example presented in table 49, the iterative process changed the studied
interval from its initial assigned cluster (i.e. NVZ) to be part of the HVZ as its best-fitting temporal
category.

Theresultsmd rfc grcp_rgtc ajsgrcpgle npmacqgq dmp _j ]
rail lines can be appreciated in figure 4.6. The figure displays the plot of ordered pairs and the
resulting centroids for all three temporal categories of the identified clusters.

Temporal Category Clusters
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Figure 4.6 Temporal category dusters for Stuttgartd gght kail lines (by author)

Ultimately, the generated clusters uphold the distribution of the three temporal categories
throughout the operational day for the assessed network, as summarized in figure 4.7. Of course,
the same proceduremust then be conducted for all assessed public transport networks.

04:00 - 05:59 06:00 - 06:59 07:00 - 08:59 09:00 - 14:59
NVZ NVZ |
15:00 - 17:59 18:00 - 19:59 20:00 - 01:00

e N A - A

Figure 4.7 Summarized temporal clusters for Stuttgartd kght rail lines (by author)

Route Length Normalization

The normalization of the different route length s requires two specific tasks: the identification of
the stop lying closest to the mobility center of gravity for each line as well as the direction of travel
and the computation of the total route lengths, including the existing route variations.

The identification of the stop lying closest to the city center must be recognized specifically for
each direction of travel. All stops around the mobility center of gravity are checked to verify their
proximity , and the one which lays the closest to the mobility center of gravity defines the location
in which the respective line is to be truncated (radial lines) or divided (diametrical lines).

Cvn_|I bgle ml rfc cv_knjc lcrumpi* rfc gbclrgdga_
lines is conductedugr f pcgncar rm rfc gbclrgdgcb aclrcp g
(b.), it is possible to appreciate that lines U4, U5 and U7 in both directions include the center of
gravity as a stop; thus, their distance to the point is considered equal tozero. However, Lines U9
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and U14 are essentially identical within their routes across the urban core since both of their

bgpcargmlg bm I mr rp_tcpqgqc rfc grmn 8§Af _pjmrrclnj
to identify their closest stop to the mobility center of gravity.
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Figure 4.8 Air distances neasured from all neighbouring public transport stops to the mobility center of gravity for
Stuttgarto kghtrailli nes T U986 and 7TU146 (by author)

Table 4.10 includes the results for the identification of the stop laying the closest to the mobility
center of gravity for both the U9 and U14 lines. This processthat can be furthered referenced by
observing the local spatial qualities in figure 4.8 entails selecting the stop with minimum actual
distance (i.e. air distance multiplied by the detour factor, see subsection 3.6.1) to the identified
mobility center of gravity. Table 4.10 reveals that the closest stop to Charlottenplatz is the
§@Apagclnj _rxup,

Oncer f ¢ pcjct I r gr _rgmlg f _tc "~ ccl gbcl rgdgchb*
assessed lines are diametrical (seeidure 4.3 b.), the recognized station becomes the location in
which the diametrical lines are divided into two radial lines . This must be considered in the
handling of all diametrical lines throughout all the assessed public transport modes and networks.

Table4.10 Identification of the m obility Center of gravity -St ut t g lat rail (bysautbor) g

Figure (4.8) Measured Air Detour Factor Total Distance
Assessed Stop = .
. Distance (m) T, (M) (m)

Stadtmitte Q 800 1.13 904.00
Berliner Platz (H.S.) Q 1070 1.12 1198.40
Borsenplatz Q 650 1.14 741.00
Hauptbahnhof Q 810 1.13 915.30
Staatsgalerie Q 800 1.13 904.00

The existence of diverging routes of the different lines within the operational day must be
recognized for the specific route lengths to be measured. The journeyspecific structure of the
retrieved data, already described throughout subsction 4.4.2, is instrumental in identifying the
existence of diverging routes for the assessed lines.

?2qg _| cv_knjc* rfc a_gc md Qrsrre_pr%q jgefr p_gj
basic scheduled operations, the data identifies thestandard vehicle circulation to have the station
§Tmecjqg_lepgp _qg rfc gqgr_prgle-clbgle qr_rgml, L ml c
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hmsplcwqg* kmgrjw bspgle rfc Bgthaogur gdggell cFMmpgenl t
Therefore, the identified route variants must have their route lengths computed separately.

Once the route variants are identified, the computation of the total route lengths can be conducted.
Following the measuring processes described in subsection 4.3.3., the distance Ib&een the stops
is then registered and accumulated.

The accumulated distance between stops and the respective normalization is displayed in table

4.11. In this example, with the U9 as a diametrical line, it is divided into two radial lines at the
identificb km  gj grw aclrcp md ep_tgrw dmp =~ mr,three msr c
total route lengths can be identified; these values constitute the foundation for normalizing the
accumulated distances (i.e. equal to 1).

Table4.11 Normalized distance-St u t t Il rail liaes"U9" for both directions of travel (by author)

Variant 1 Variant 2
Stop Apcumulated Distarjce Apcumulated Distar_wce
Distance (m) | (Normalized) Distance (m) | (Normali zed)
Hedelfingen 9140 1.00 9140 1.00
Hedelfinger StralRe 8290 0.91 8290 0.91
Wangen Marktplatz 7680 0.84 7680 0.84
Wasenstralie 8100 0.89 8100 0.89
InselstralRe 6680 0.73 6680 0.73
Im Degen 6290 0.69 6290 0.69
Brendle (Grof3markt) 5630 0.62 5630 0.62
Wangener-L.S. 5300 0.58 5300 0.58
Schlachthof 4640 0.51 4640 0.51
Raitelsberg 4150 0.45 4150 0.45
Bergfriedhof 3710 0.41 3710 0.41
Karl-Olga-Krankenhaus 3430 0.38 3430 0.38
Stdckach 2900 0.32 2900 0.32
Neckartor 2390 0.26 2390 0.26
Staatsgalerie 1960 0.21 1960 0.21
Hauptbf (Arnulf -Klett-Pl.) 1430 0.16 1430 0.16
Borsenplatz 740 0.08 740 0.08
Borsenplatz 740 0.13 740 0.24
Berliner PI. (Liederhalle) 1290 0.23 1290 0.42
Schloss/Johannesstr. 1860 0.33 1860 0.60
Schwab/Bebelstrale 2410 0.42 2410 0.78
Arndt-/Spittastral3e 2730 0.48 2730 0.88
Vogelsang 3090 0.54 3090 1.00
Herderplatz 3520 0.62
Lindpaintnerstralde 4180 0.73
Beethovenstralie 4560 0.80
MillbckerstralRe 4940 0.87
Eltinger StralRe 5320 0.93
Botnang 5700 1.00

The same route rormalization procedure is conducted for all the assessed public transport
networks across all the protracted lines.

Identifying the Journey -Specific OR Throughout the Route

By means of the total number of passengers transported between stations and the $eduled
maximum vehicle capacity (as displayed in table 4.6), the OR for every scheduled journey

Page149



throughout its route can be determined. The OR is calculated by placing the registered vehicle
maasn_I|l aw gl
value. The identified OR for the vehicle is then referenced as its accumulated normalized distance

gncagdga

pcj _r dymhd representetl as apescéntages j c bt

intrinsically measured in correspondence with the identified mobility center of gravity.

To exemplify the identification o f the journey-specific OR throughoutat ¢ f gaj ¢ %q
table 4.12 displays a set of spatially referenced OR. The presented information derives from the
npcqcl r c bndigettionr
r nHol8erlinplatz b, and places them in relation to the scheduled vehicle capacity, in this case246
passengers. Moreover, both the accumulated and normalized distance for the protracted line,
which has no variants, are presented so as to exeaplify the spatial referencing of the OR as

vehicleegncagdga

maasn_| aw

identified in the previous subtitle.

t _jscaq

Table 4.12 Referenced journey-specific OR Development- St ut t ightrailido e " U4" directi on
author)
Maximum Vehicle Capacity: 246 Passengers Accum.
Stop Name Vehicle-Specific Occupancy - OR (%) Distance | Norm.
07:33 07:43 07:53 08:03 08:13 08:23 08:33 (m)
Untertlrkheim -- -- -- -- -- -- -- 6585 1.00
Wasenstralle 21.14 1057 13.01 21.95 15.04 11.79 17.48 5885 0.89
InselstralBe 19.92 12.60 13.82 25.20 19.11 15.45 22.36 5545 0.84
Im Degen 23.58 13.82 18.70 27.64 20.73 20.73 22.76 5105 0.78
Brendle (GroRBmarkt) 25.20 1220 2154 29.27 19.92 22.76 25.61 4445 0.68
Landhausstrale 30.08 11.38 2154 30.08 19.92 2276 26.02 4135 0.63
Gaisburg 35.37 13.82 25.20 30.08 22.36 25.20 28.46 3595 0.55
Ostheim LeoVetter-Bad | 49.19 26.42 3252 40.65 29.27 51.63 47.15 3235 0.49
Ostendplatz 76.83 35.37 39.84 4837 31.71 67.89 52.85 2905 0.44
Bergfriedhof 86.99 42.68 5854 56.50 38.21 83.74 56.91 2545 0.39
Karl-Olga-Krankenhaus | 86.59 46.34 57.72 65.85 37.80 85.37 55.69 2265 0.34
Stockach 91.87 49.59 60.57 66.67 36.18 91.46 53.25 1735 0.26
Neckartor 68.70 41.87 56.50 58.54 39.43 66.67 45.93 1225 0.19
Staatsgalerie 67.07 44.72 63.82 59.35 39.43 67.89 45.12 795 0.12
Charlottenplatz 4959 4146 66.26 60.57 39.43 67.89 45.12 0 0.00
Rathaus 4350 4390 67.07 58.54 52.03 86.18 55.69 325 0.11
Stadtmitte 39.43 39.02 63.01 45.12 50.81 74.80 48.37 1085 0.37
Berliner Platz (H.S) 23.98 25.20 41.87 28.46 28.05 60.98 30.08 1455 0.50
Berliner Pl. (Liederhalle) | 13.41 22.36 23.98 14.23 22.36 49.19 28.05 1625 0.55
Rosenberg/Seidenstr. 1220 2195 19.11 1341 2236 4553 25.20 2055 0.70
Russische Kirche 732 11.38 4.07 7.32 17.48 28.86 14.63 2475 0.84
Holderlinplatz 2.85 6.91 203 447 13.82 19.11 7.32 2935 1.00

The overall structure presented in table 4.12 is consistent across all the assessed public transport
networks and lines, referencing perceptual OR information for every journey within the
normalized route length and measured in correspondence to the identified mobility center of

gravity.

Identifying the Averaged OR for Each Line and Temporal Category

Having referenced the journey-specific development of the CR throughout each of the routes of
the assessed lines in correspondence to the identified mobility centers of gravity, the OR of every
line can be averaged for all journeys contained within the same temporal category and spatial

referencing (i.e. normalized route length).
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4.13 contains the averaged OR for all journeys belonging tothe same temporal category and
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normalized route length. The resulting structure can be understood as a linespecific and direction-
specific set of ordered pairs (i.e. averaged OR and referenced normalized distance) for each of the

three temporal categories.

The resulting ordered pairs can be made specifially for every temporal category and mode by
expanding upon the structure displayed in table 4.13, and by using this as a basis for all the
protracted lines within the same networks and subsequently to other networks where the same
public transport mode have been assessed. Finally, athis stage, the spatiotemporal qualities of
the collected public transport demand information for all lines, directions, line variants and

networks are identified and ready for final assessment.

Table4.13 Averaged journey-specific OR-St u t t lglat rail lio 15 e

"U4" direction

Averaged OR (%)
svz HVZ nvz | Normalized
Distance
3.07 1362 | 8.02 0.89
3.48 16.04 | 9.60 0.84
3.68 18.15 | 10.99 0.78
4.00 19.21 | 11.87 0.68
3.88 19.82 | 12.78 0.63
4.10 21.67 | 13.96 0.55
5.42 2859 | 18.73 0.49
6.49 34.13 | 21.25 0.44
8.93 41.37 | 27.49 0.39
9.46 4353 | 2856 0.34
10.03 | 44.93 | 29.86 0.26
8.90 37.83 | 26.45 0.19
8.74 38.68 | 27.56 0.12
8.35 36.68 | 26.87 0.00
8.30 39.44 | 27.20 0.11
9.30 39.96 | 25.92 0.37
10.26 | 33.86 | 20.72 0.50
9.97 29.56 | 19.44 0.55
10.10 | 27.94 | 18.87 0.70
7.92 21.80 | 14.83 0.84
5.81 10.68 | 9.65 1.00

T Hel derl i npl

Figure 4.9 contains the ordered pairs for the expanded assessment, thus, it includes the processed
information of all the assessedublic transport modes and temporal categories(see table 4.4). As

a result, the plotted ordered pairs condense the averaged OR for all the assessed lines and line
variants that constituted the dataset, namely, subway, light rail and bus networks.
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Figure 4.9 Averaged OR for all assessed lines and modes of transport faevery temporal category (by author)

Function Fitting

At this stage in the validation process, the obtained ordered pairs for every temporalcategory and
public transport mode are plotted together to conduct the function fitting process ( as in figure
4.9). The function fitting process would intrinsically support the validation of the assumptions
derived throughout subsection 4.3.2, regarding their ability to logically explain the measured
changes in the OR of a public transport vehicle along its route.

As discussed in subsection 4.3.3, the regression should be conducted with a linear model, fitting a
linear function to the ordered pairs. By observing the layout of the plotted ordered pairs across all
three temporal categories (e.g. figure 4.9) and all three investigated public transport modes, the
assumed linear model stands as being still the appropriate approach to continue the validation

process. Consequently, the resulting ordered pairs across all modes and temporal categories are
fitted with a linear function of the form: @ & ®?z @

The results of the linear regression on the different data sets can be observed in figure 4.10, where
the fitted functions for all the three modes of public transportation and for all three temporal
categories is presented The figure depicts the averaged OR as a percentage in relationship to the
normalized distances to the center, and includes the resulting function as well as the coefficients
of determination (i.e. R?) product of fitting the linear function to the ordered pairs.
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Figure 4.10 Results from the function fitting process: Fitted OR functionfor all assessednodes across the three
temporal categories (by author)

As it can be appreciated in figure 4.10, the regression performed to derive the linear functions
delivered coefficients of determination R? above the 0.55 range for all means of transportwithin
every considered temporal category. Furthermore, the coefficients of determination are somewhat
similar across all assessed public transport modes during the HVZ and NVZwith values of R?
between 0.6 and 0.7. However, during the SVZ, the investigaed public transport lines,
primordially for bus radial lines, provide a much sporadic service. This situation limited the data
availability, thus, deriving lower coefficients of determination of the fitted functions.

4.4.3. Discussion on the Resulting Mode and Time Specific OR Functions

With the results from the regression, the relevance of the five assumptions derived throughout
subsection 4.3 can be validated. The validation should be conducted in close consideration of the
requirements discussed in subsection 3.1.

The five assumptions derived in subsection 4.3.2 explained that the OR function:

1. can be expressed as a function of theime of the day (i.e. temporal category - HVZ, NVZ
and SVZ- see subsection 3.6.1),

2. can be expressed as a function of itsevaluated location in correspondence toa mobility
center of gravity,

3. experience a systematic growth as it approaches the identified mobility center of gravity,
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4. produce maximum values during the peak hours of normal working days near the mobility
center of gravity and

5. be explained by a monotonically decreasing function vis-a-vis its measured distance from
the local mobility center of gravity.

The two initial assumptions anticipated that the OR could be expressed as a function of the
temporal category and its measired distance to the mobility center of gravity. The ordered pairs
utilized to fit the linear function have been derived , as discussed in subsection 4.3.3. Therefore,
every ordered pair for every investigated mode represents the averaged OR petemporal category
(i.,e. HVZ, NVZ and SVZ) measured ata certain normalized distance from the mobility center of
gravity. All the nine functions have been fitted utilizing ordered pairs as the ones described above.
Since a correlation has been satisfactorily identified across all nine functions, it is possible to
conclude that the first two assumptions are valid.

Assumptions number three and number four anticipated that the OR function would produce a
maximum the closest it is measured from the mobility center of gravity and that its slope should
be steeper during peak hours.Detailed contrast of the fitted functions displayed in figure 4.10 with
the proposed assumptions displayed in figure 4.2 would support the aforementioned assumptions.
Rf ¢ MP d sldopaacrgssdl thrge public transport modes becomesteepe for every temporal
category (i.e. SVZ, NVZ and HVZ), as it approacheghe HVZ. Additionally, the maximum across
all OR functions are identified at the mobility center of gravity. Consequently, it may be c oncluded
that assumption three and four are also valid.

Finally, assumption number five anticipated that the OR could be explained by a monotonically
decreasing function vis-a-vis its measuread distance from the local mobility center of gravity . Since
an inverse relationship betweenthe OR andits measureddistance to the mobility center of gravity
has been established for all three means of public transport and temporal categories, the fifth
assumption can be successfully validated. While the type of functbn may be adjusted (e.g. a
cumulative frequency curve), the fit provided with a linear function (i.e. coefficients of
determination detailed in figure 4.10) is sufficiently compatible with the requirements detailed in
subsection 3.4.1. Therefore, by consiaring the overall objective and limitations of the proposed
model and the features of the retrieved data (e.g. sample size- see subsection 4.3.3.) the linear
function is suitable enough to conduct the estimation of the ORas foreseen in the objectives othis
Section(see subsection 3.2.1).

Therefore, with the aid of the fitted OR functions depicted in figure 4.10, it is possible to conclude
that all the five assumptions derived in subsection 4.3.2 have been successfully validated.

Furthermore, the results are also compatible with capacity planning and management features. It
can be observed that the maximum OR value never exceeds 50%, which is to be expectedince
the acceptable value conveyed in the German transport quality standads is 65% (VDV 2001). This
would indicate that in Germany, a conventional bus or light-rail line would have the equivalent of
50% of its total capacity as residual capacity all along its route, an additional 15% more than
specified in (VDV 2001). This last percentage would be eva higher for a subway line (i.e. up
25%).

On another note, comparing the studied phenomenon between the evaluated modes illuminates
the following observations:
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1 Primarily, subway networks not only have the lowest OR during the HVZ and NVZ as
compared to the other two modes, but also, the steepness of their OR slopes is the lowest
within these temporal categories.

1 Lastly, when compared solely with the results from the evaluated light rail lines, the
differences of recorded qualities between modes are apparet Light rail networks
experience substantial shifts in their OR throughout the whole day, accentuating the
importance of the spatiotemporal nature of demand. For example, during the SVZ they
devise the lowest OR when compared to the rest modes.

All in all, the OR functions can be expanded to include other public transport modes (e.g.
commuter railway services) relying on the same methodological structure. Moreover, a special
inquiry can be made to elucidate the average OR during the 20min peak period, where the quality
standards permit a maximum occupancy of 80%.

4.5. Development of a General Public Transport Residual Capacity Estimation Model

The development of ageneral public transport residual capacity estimation model would directly
address the specificobjective of the first Sectionof this work discussed in subsection 3.2.1. As
discussed in subsection 3.5.2, thestructuring of the model is guided by decomposition and
constructive heuristic methods and assembled through a rulebased algorithm. On the one hand,
the problem has already been decomposed, resulting in a general approach supporting the
estimation of the residual capacity disused in subsection 4.3. The model should utilize the general
approach supporting the estimation of the residual capacity derived in subsection 4.3 as a general
framework to arrange its structure. In this regard, the model can make direct use of the assembled
OR functions that have been already validated throughout subsection 4.4.

The model supporting the assessment of pass®er rerouting strategies based on an estimation of
the public transport residual capacity is derived in this subsection. Since the model must be
purposefully aligned to support the requirements and limitations derived in subsections 3.3.1 and
3.4.1, the general capabilities that the model must support are first derived in subsection 4.5.1.
Later, the overall structure of the model, based on the requirements set forth in subsection 4.5.1,
is derived in subsection 4.5.2. Finally, certain model processes aradiscussed in further detalil
between subsections 4.5.3 and 4.5.6.

4.5.1. Requirements and Limitations for the Residual Capacity Estimation

Adhering to the limitations (see subsection 3.3.1), requirements (see subsection 3.4.1), and guided
by the method discussedin subsection 3.5.2, the capabilities to be supported by the residual
capacity estimation model are discussed throughout this subsection.

At the outset, the general model for estimating the public transport residual capacity to be
developed in this subsetion has the specific aim of assessing and supporting the development of
intermodal passenger rerouting strategiesby taking into consideration the residual capacity of the
local public transport systems being utilized. Therefore, two general capabilitiesof the model must
be supported by its structure. On the one hand,the model must ensure its ability to integrate the
passenger rerouting strategies from the DRP operating program under investigation. The strategies
within the DRP operating program may be derived from models like the one proposed by Brauner
and Oetting (2019) discussed in subsection 2.3.3. On the other hand, the proposed model must
ensure it is able to estimate the residual capacity across the utilized public transport modes in
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every rerouting strategy within the DRP operating concept under investigation. Consequently, the
proposed model should incorporate the residual capacity estimation framework that was derived

and validated throughout subsections 4.3 and 4.4 to conduct the estimation of the public transport

residual capacity.

Rfc kmbcj %q mtcp_j ] pcqggbs_|j a_n_agrw cqrgk_rgml
example provided by figure 4.11. Two different aspects of the analysis can be recognized: on the
one hand, the general apptoach that focuses on the interplay between the scheduled capacity and
public transport demand as described in subsection 4.3 (see figure 4.2), and on the other hand,

rfc becnjmwkclr agpaskqr _lacg md rfc kmbcectiong bcqga
3.2.1).
Capacity & O.R. (%) r Legend
A— B Scheduled Capacity (HVZ)
100% T [ Occupancy Rate (HVZ)
. === OR Function (HVZ)
1 | 9 Railway Station for
MAX O.R, e Intermodal Rerouting
Mobility Gravity
\G Centre (CBD)
OR(d)
_i, - 5 = X = = = o A
2 £ T & & g 5 & & £ Distance from
- (S ) the Center (km)

D
Figure 4.11 Public transport mode specific OR function withina railway disrupted situation (by author)

Similar to figure 4.2, in figure 4.11 , the red bars depict the scheduled capacityof a particular line,
whichinthiscase,gncagdgcg rfc tcfgajc%g gafcbsjcb n_qggcl e
represent the actual occupancy of the vehicle, and clearly demonstrate inherent OR fluctuations

throughout the route in concordance with t he broader operational environment (i.e. city center

area, mobility center of gravity , route lengths, etc.).

Furthermore, since the deployment circumstances of the whole approach are subjected to
disrupted railway operations, specific disruption related information must be integrated in this
structure. Integrating DRP information in this analysis enables an identification of the spatial and
temporal limits to conduct the general residual capacity estimation. More specifically, through the
information detai led in the DRP transport concept (see subsection 2.4.3)it is possible to identify
the precise locations in the public transport network at which the passenger rerouting strategies
are to be deployed. Furthermore, the deployment of the rerouting strategies must also consider
the specific time of the day at which the residual capacity is to be computed. As evidenced during
the OR function assembly process, the most critical capacity limitation situations tend to transpire
during the HVZ.

Once the spatiotenporal limits have been established, it is possible to locate the public transport
stops, which are particularly relevant for the rerouting of the disrupted passengers. With these
stops identified, it is clear which public transport lines require the residual capacity limitation to
be assessed The public transport demand at the specific passenger rerouting points can be
estimated by consulting the already validated OR function, specific to the mode of transport and
time of day. Additionally, in line with th e requirements outlined in subsection 3.3.1, there is still
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a need to gurantee the necessarymechanisms to prevent harming the welfare of the original users
of the selected lines.Thus, the residual capacity computed by the model ought to consider the OR
function at its maximum value, thereby safeguarding to some extent, the welfare of the users of
the considered lines

Now that the overall capabilities have been discussed, the general capabilities of the residual
capacity estimation for existing public transport structures can be organized into a model with
general validity.

4.5.2. General Residual Capacity Estimation Model

This subsection outlines the framework of a new approach for estimating the residual capacity of
existing public transport structures during passenger rerouting strategies. The framework has been
advanced based on the capabilities discussed in subsection 4.5.1.

Figure 4.12 describes all the relevant steps that streamline the residual capacity estimation, which
are further explained in the forth coming subsections(4.5.3 to 4.5.6).

In order to abide with the two overall capabilities discussed in subsection 4.5.1, the approach is
divided into three segments: firstly, the inputs lay the foundation for the evaluation process, then
the public transport lines relevant to the DRP transport concept under investigation are isolated,
and finally, taking into consideration the welfare of the original public transport users, the residual
capacity can be identified.

Model Public Model Railway DRP Transport

Transport Network Network Concept
[ |+ | 1) Inputs

Integrate Disruption Related Parameters

¥
Identify the Railway Stations and Public Transport Stops
where Passenger Rerouting is Conducted A

Identify the Relevant Elements within in the Assessed —~ 2) Idt.entlf:y [ Rele}/ant
Urban Core (e.g. Mobility Gravity Center) Public Transport Lines
for Assessment

Identify the Public Transport Lines Linking the Relevant
and the Passenger Rerouting Elements B,
N
| Calculate the Scheduled Capacity for Each Line (Eq. 2.1) | v
| Calculate the Maximum O.R. for Each Line (Fig. 4.10) | >~ 3)_EStimate th_e
7 Residual Capacity
| Calculate the Residual Capacity for Each Line (Eq. 2.2) |
Display the Residual Capacity for Each Line J _/

Figure 4.12 Flow chart for estimating the residual capacity (by author)

In the first step, it is necessary to model the lines of the public transport network and the relevant
commuter railway network sections. Later, relevant railway disruption related information
contained within the DRPs is included. Together, these provide the foundations upon which the
assessment is conducted. At this stage, it is possible identify the most relevant public transport
lines by linking specific public transport stops with the railway stations where the passenger
rerouting take place or simply recognizing the lines that are foreseen to be utilized for passenger
rerouting purposes within the DRP transport concept
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The scheduled and used capacities are then computedor each of the identified lines. In due
course, it is finally possible to assert the residual capacity for each of these lines bearing in mind
that the maximum occupancy rate must be identified.

The three abovediscussed stepsonstitute the model for estimating the residual capacity of public
transport means within the context of passenger intermodal rerouting strategies. Each of the steps
detailed in figure 4.12 is further detailed throughout the following subsections. Initially, the
modelling of the general public transport and railway networks are detailed in subsection 4.5.3.
Later, subsection 4.5.4 describes the process forintegrating relevant disruption -related
information and for identifying the relevant public transport lines . Finally, subsection 4.5.5 and
4.5.6, describe the processes to compute and aggregate the residual capacity.

4.5.3.Mode lling the General Public Transport and Railway Networks

At the outset, the public transport network is modeled by a combination of nodes and links
represented through the sets 6M where & GhOh8 & 8 & represents the set of all stops, and
6 ofoh8 @ 8 & represents the sets of all available links between the nodes. The index
makes it possible to differentiate public transport stops within the set 6; where o # { ¢}. Similarly,

p stands as the index for distinguishing a specific link between two nodes serviced by at least one
public transport mode in the setd; where p ¥ { o}. Consequently, each link® represents a direct
connection between two specific nodes @ & . There can be more than one link bridging two
nodes as they represent the routes between one or more public transport lines.

As with public transport, commuter railway networks are also arranged in a combination of nodes
and links represented by sets Gty . The set® whoh8 & 8 & groups all commuter railway
stations and & ¢t h8 & 8 & represents the links that connect these stations. Erthermore,
the index wis bound to denote a link & bridging the nodes ®w

Given its metropolitan nature, the limits of the mode lled commuter railway network are bound by
the range of the local public transport systems. This limit is imposed since the assessed passenger
rerouting strategies can not be conducted if there are no existing links between the commuter
railway station and the public transport network. Therefore, it clearly follows that all railway
stations laying outside the reach of the public transport system are not relevant to an analysis of
the capacity limitations of the local public transports structures.

Figure 4.13 depicts a simplified example of a commuter railway network &b , which is bounded
to the limits of the public transport network 6Fp .

_____ 6-O_-_"-“““-“-_“""
a o
z - s \aw
l’ o N,
y N,
l y a7 / ‘ \ als ;
© +Q@ o Q©
a; 1 ag @11
i ag
1@ () o
g / 12
J.
@
Ii Oa @
: 5 Qg
!
!
Public Transport Network Railway Network
A=1{a,,a;,..,a19}; B =1{by,b;,...,by4} Y={y1,92 . Ya}; Z= {21, 2,, 23}

Figure 4.13 Example of the modelling of the railway and public transport network s (by author)
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Once the limits have been esablished for all available public transport modes, the set
O & My B ag contains all lines servicing the public transport network 60 |
including the relevant lines of the commuter rail network . Respectivelydy ~ where arepresents
a particular line number for public transport mode "Qwith a direction of travel i; where Q¥ { ¢},

SN{ o}.

Each line ais generally comprised of two directions of travel, hence: i ph; . Moreover, j may
acquire the following values: Q phchoft Y (1=Bus; 2=Light rail; 3=Subway ; 4=Commuter
railway), as an example of the modes utilized throughout this OR function validation.

Ultimately, every public transport line and each direction of travel is constituted by a sequence of
links &  (Ohwhd 8 8> ; where b # |. The links are ordered systematically in the direction of
rp_tcj* rfsq* _jjmugle rfc ns’  jga bepveeh thennoges
The first node in the first link represents the initial stop or origin of the line and the last node in
the last link represents the final destination stop of the line.

~—

@
4 a
/ 12 Qg

Oa © @

5 a || ay3
S Bus; j = 11 B1y air s = (by,b3,b3, by, bg,bay) ..
—  lightR.; j=2~ ligdirs| Tlsairs = (bg by b3, by, bs,byy) ...
— Subway; j =3 ’ Ul 4iy s = (b, ba, by, bs, bay) ...

Figure 4.14 Example of the modelling of the railway and public transport lines (by author)

Figure 4.14 is an example of line modelling, where additional details have been added to the
network depicted in figure 4.13 to display a broad set of lines for every mode of transport. Here,
both the commuter railway network and the general public transport network with mode -specific
lines are effectively modelled. This constitutes the groundwork for the subsequent processes in
which the residual capacity of specific public transports lines is estimated.

4.5.4.Integrating Relevant Disruption -Related Determining Variables and Identifying
the Relevant Public Transport Lines

Including relevant railway disruption -related information in the model allows for the identification
of spatial aspectsneeded to estimate the residual capacity. More specifically, the identification of
the relevant nodes, which permits to establish the lines of the public transport network that are
either foreseen to be utilized or that can be utilized for intermodal passenger rerouting purposes
and that require a residual capacity estimation.

In first instance, the subset @' QO h8 © 8 & represents the commuter railway stations in
which passenger rerouting strategiesare foreseen tobe conducted; where & (P ¢&. These stations
are detailed in the DRPtransport concept developed for a specific disrupted situation. Therefore,
the subset @W'Qis immediately associated with a DRP transport concept from the set
O'YOOYFHOYth8 O'Y08
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By the same token, the subset QOO h8 & 8 & represents the public transportstops around
the disrupted railway stations selected in subset® Qwhere 6 ‘(P 0. Therefore, a substantial share
of the elements in © ronstitute the origin or objective locations in the public transport network
where the passenger rerouting will be conducted, and as such where an estimation of residual
capacity will be required. The relationship between a commuter railway station within the subset
@ ‘Gand a neighbouring public transport stops 0 ‘Gs represented by:
Q. prj QG i ®EEEQL0QQ

-h mh QEM i &¢ o
If the element’Q ; acquires a value of 1, this means there is an effective nexus between the public
transport stop @ with a specific commuter railway station & ; where @ ¥ Adand @ » @ QIn this
way, different criteria can be applied to associate a particular public transport station to a
commuter railway station.

Before continuing with subsequent steps, the relevance of the local urbanqualities must also be
recognized, and the point against which all distances are to be referenced must first be established.
To this end, the element0 0 ‘@ill represent the mobility center of gravity in the city. This location
can be identified by applying the OR validation method, through local knowledge of urban
mobility, or ultimately, as detailed in Oetting (2002, p.204) (see subsection 4.3.3).

Figure 4.15 illustrates an example displaying all the elements relevant to a DRP.

O @ @ (0]

a, as aq
i ag
Ii.a @ (O] a

4 12
Y1 6 /
]
HO) (0] 0]
I Qs ao || a
i 9 13
1
!
DRP, €ag,y;=0 Cagy;=1 €g oy =1 €agy,=0 CC={as a17, 18}

Yd ={yy, ¥2,¥3}
Ad={a;, a4, az,aq}

ea3,y2= 1 ea4,y2= 0 €agy,=0 €agy,=0

€a3ys=0 €arys=0 €agy,=0 Cagy,=1

Figure 4.15 Exampleof the integration of the d isruption relevant information (by author)

The subsetd 6 OOh8 & 8 & represents the subset of stops located around the elemend 6 ‘O
and across the city center; whered 6P 6. While the public transport stops within 6 émay be linked
to existing commuter railway stations or not, the se stops likely constitute possible objectives
and/or generators for rerouted passengertrips. Combined with the subset 6 dand the element
0 6 Qtis possible to reference the passenger rerouting strategies within the urban area (see figure
4.15).

Subsets Yd and Ad permit to identify potential lines that may require the residual capacity to be
estimated. Identifying these public transport lines is critical for the overall effectiveness of the
model as it is possible that the DRP transport concept undeinvestigation does not have a detailed
outline regarding which public transport lines to utilize for the passenger rerouting .
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Line Grouping Elements: Ld, . Example: if e,y =1:3Ldy o
Ldg,y, = B2y ir1) B14 iy 1 = (b2, b3, bs, bs)
Ld Ldg,y, = TB2air1) Cazyz =1 T1; gir 2 = (b2, b3, b4, b5)
Lda,y, = Blyair 1, T2 2,air 20 T221air 2 U3 2,460 1. * Ldgg,y, T2, iy 2 = (b2, b7, bg, by)
Ld gy, = (U334ir1) Uls iy 1 = (ba, b3, ba, bs)

Figure 4.16 Example of the identification of relevant public transport lines (by author)

Figure 4.16 portrays the line identification process as it expands on the example presented from
figure 4.13 to figure 4.15. The set 0 Qf, represents a set ofpublic transport lines able to serve as
a link between disrupted locations & @6 Cand the city center 8 )& ¥ 6 and @ ¥ Yd The set of
setsd Q0 Qp M Qr B 0 Qr contains asetof 0 Qy elements; where 0 ‘® 0. The public
transport lines aj; included in the setd Qp only become relevantif the stop & is effectively
connected to at least one railway station w part of the subset & ‘Qhence, if the elementQ  is
equal to one:

. ph  mD Qf

2.5 m  wi Qj
The identification of public transport lines following the above -discussed approach would allow
establishing public transport lines that may be relevant for intermodal passenger rerouting
purposes as they link the city center with the commuter railway stations in which passenger
rerouting strategies are foreseen to be conducted (according to the DPR transport being
investigated).

However, there are two alternatives approaches tha can be established to include aline a;  in
asubsetd Qp a iy B o

First, following the above-discussed approach a public transport line & is included in a set
0Qrp «a oy B oa if one of its links @ includes an elementc clustered in the subset

® Qas one of its nodes, and downits link sequence another link @ contains anode belonging to
subsetd Oor & ‘@s a destination.

Second, abidng by the DRP transport concept under investigation, apublic transport line ap  is
included inasetd Qp & Wy B o if the line &y s foreseen to be utilized asa part
of a rerouting strategy in the investigated DRP. This alternative requires to ascertain the stop @
where the rerouting strategy is set to take place and stop® that constitutes the objective of the
intermodal rerouting strategy. It must be considered that at least the origin stop & must be
effectively connected to at least one railway stationw part of the subset® ‘Qhence, if the element
‘Q j isequal to one

Pagel161



In case any of the identified lines have more than one link with further nodes that are part of
subsetd § the node closest to the elementd & ‘G@s the only one considered in the assesment.
However, if there is a public transport line that services more than one element, which is part of
the subsetd Qthe lg | ¢ %q p c g g b sstinjateda as foresegnrinthe @PER transport concept
under investigation.

Now that both the commuter railway and public transport networks have been modelled for their
analysis, and the relevant disruption-related information has been incorporated, it is possible to
conduct the residual capacity estimation on each of the identified linesay,

4.5.5. Calculating the Residual Capacity

Once the relevant public transport stops around the commuter railway stations detailed within the
DRP transport concept areidentified, it is possible to proceed towards assessing the residual
capacity of the corresponding lines. Adhering to the framework described in subsection 4.3,
particularly with regards to equations 2.16 and 2.17, it is essential to build the capacity-related
features into the model.

First, it is indispensable to assert the schedled capacity for each one of theidentified lines by
means of equation2.16. In this regard, ¢ ¢ . embodies the vehiclespecific capacity (including

sitting and standing places) at a certain time of the day "or line & ; where @ (:qﬁ v { o}.
The index (ndicates the time of the day for which the assessmentss being conducted. Abiding by
the general framework, the time of day is circumscribed in one of the three temporal categories
(i.,e. HVZ, NVZ and SVZ - see subsection 3.6.1); where 'Q pfcho, being p "OwEK
O who Yoo
Correspondingly, the variable "G . signifies the frequency at a certain time of day i for a line
ap ;where Q.  ~¥{ o}. Lastly, the defined time period 6 , is taken as one hour (60min) to
provide the residual capacity information in passengers per hour. Together, these determining
variables allow ascertaining the scheduled capacity0 .  of a specific public transport line
0j  ata certain time of day i, asgeneralized in equation 4.3.

oy

6 hq . Z o (4.3)

ey

Once the scheduled capacity has been asserted, the objective variable can be calculatefguation
2.17 is generalized in equation 4.4 for its use within the model. 'Y G; . describes the residual

capacity at a certain time of day i, for a particular public transport line ap at a normalized
route distance’Q . from the element CBD

Y&, & Orn, 2p 0YsQ, (4.4)
As established in subsection 43 and validated in subsection 44, the 0 'Yy Q. can be
expressed as beig in function of the modej, time ofdayiandthej gl ¢ %g | mpk _j gxcb p m:

Q. to the mobility center of gravity . In order to estimate the OR for line oz , the functions

displayed in figure 4.10 can be implemented as a product of the validation process detailed in
subsection 4.4.
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To implement the functions displayed in figure 4.10, it still is necessary b establishthe normalized
route distanceQ . at which the OR must be estimated

Rf ¢ jngrinatiZ#djroute distance Q . stems from dividing the evaluating route length by the

j gl ¢ %q r mr _(bothpneasured in jelatioreto the element 0 6 P It should be noted that
determining both route lengths follows a similar process as the one explained in subsection 4.3.3.

/ Legend \

Origin ]'_)2 D Route length from the evaluating
— %—4 1 node a, to the first route node in €C
RL D,y ® ® ® D, Route length between the first and
| ® second nodes in CC
.ﬂ 0 @ CBD gL Route L.englh from the Origin to the
9 ccC Evaluating Node a ,
Yw
A.D,, Measured Air Distance
Dy +A.DyxU
AL +1D = Al D FU O Intermodal Rerouring Station (y )
: 1 ofbn . - .
dlj,a‘,ir s min D,4+D, +A.Dy * Up cpp Mobility Gravity Center (element C@

RL+D,+D;+A.Dy* Uy

Figure 4.17 Example of the establishment of the evaluating route length and the total route length vis -a-vis the
mobility center of gravity (by author)

The tor _ | pmsrc jclerf gq rfc _aasksj_rcb bgqr _1| ac
stop ® to the stop located the closest tothe element 6 6 @lus the air distance betweenthe
stop and the elementd 6 @wultiplied by the detour factor Y (see figure 4.17). The detour factor
Y is calculated asin equation 4.2. To establish which of the stops is located the closest to the
elementd 0 ‘Qhe total route length must be assessed for every alternative stop located the closest
to the element 6 6 CFinally, the stop that delivers the minimal total route length, as depicted in
figure 4.17, is the one utilized as thetotal route length.
Furthermore, to establish the evaluating route length, the two elements, which are central for
evaluating the passenger intermodal rerouting strategy, must be recognized. On the one hand, e
stop @ where the rerouting strategy is set to take place, and on the other hand, the stop®
objective of the rerouting strategy. Thus, there two evaluating route lengths that can be
established

1. The first evaluating route length is computed betweenthe stop ® where the passenger
rerouting strategy takes place and the stop located the closest to the identified mobility
center of gravity.

2. The secondevaluating route length is computed between the stop @ objective of the
passenger rerouting drategy and the stop located the closest to the identified mobility
center of gravity.

Additionally, it must be considered that the public transport stops located in the subsetd 6(i.e.
around the CBD may also constitute potential objectives of the pas€nger rerouting strategies (see
subsection 4.5.4).

Figure 4.17 presents an example, which is inspired by the assessment of operational information
(see subsection 4.4) and is instrumental for understanding the process of identifying the
normalized route distance’Q . . Figure 4.17 constitutes an example where the objective of the

passenger rerouting strategy is an element in thesubsetd 6 In addition, t he figure also depicts the

bgddcpclac "~ cruccl rfc ct | s _ r muteelengihmas well ag thel e r f
identification of the stops laying the closest to the elementd 6 O
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From the approaches described above,tere are two normalized route distance Q . that can be

established for every investigated line and where the OR should be assessed. As discussed in
subsection 3.4.1, the evaluated passengerrerouting strategies should not hinder the normal
operation of the appraised public transport lines. Therefore, the OR must be calculated for the

route distance’Q . that delivers the maximum OR, as generalized in equation 4.5.
Gowld Yy Q. n Q. (4.5)

Oncethe maximum ORfor each relevant line has beea identified, the | ine-specific residual capacity
can ultimately be computed.

4.5.6. Aggregating Residual Capacity for each Rerouting Railway Station

For the overall comparison of the passenger rerouting potentials throughout the chosen commuter
railway stations, the residual capadty of all lines within the subsets 0 ‘(an be aggregated.

Firstly, the residual capacity for all the public transport lines in 0 Qp , is accumulated.

Consequently, the aggregate residual capacity per mod¢, at the public transport stop A connected
to the rerouting rai lway station U at a certain time of the day i is computed asin equation 4.6.

Y Qi oo 'Y Gy 0 ®
"0 Ry

In the same way, the residual capacity per modej, at a time of the day i, available at each railway
station w can be computed as in equation 4.7.

Y &, o Y Qi i L

Ultimately, the net residual capacity at the station « for all the modes available at the surrounding
public transport stops at a certain time of the day, stands asgeneralized equation 4.8.

As a whole, the element”Y€ 0 ;Y;Oreveals the general passenger rerouting potential for the
affected stations across the disrupted area at a certain time of the day.

4.6. Implementation and Example

To put the implementation potentials of the proposed model in perspective and to exemplify the
deployment of the OR function, a disrupted scenario affecting the commuter railway network of
the city of Stuttgart, Germany, is evaluated. The evaluation follows the steps proposed in the
flowchart displayed in figure 4.12 with the objective of calculating the residual capacity of the

public transport modes that match the simulated DRP.
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4.6.1. Implementation i Situation

The simulated disruption in fi gure 4.18 transpires between the S@_ f | qgr _rgmbgg_mBm@ub

Il b 8F_snr  _fl fmd &Rge@ 'fu drspj_jdwd gbag qrpmsun rpgblge _rlfbc dQ
statlon durlng the HVZ. As part of the DRP transport conceptO'Y () two potential rerou ting
strategies will be evaluated.

Nirn-
Disruption berger Sommer-
Str ram
g‘/ _ _ _’ m
Cannk N
—~ eckarpark
=,

Hauptbahnhof Untertiirkheim

S1]

Figure4.18St ut t gBahntlLives S1SS2 and S3 around the Disrupted Area (VVS 2017; modified by author)

Figure 4.19, depicts the moddling of both the railway and the public transport networks within
the framework of the DRP transport conceptO'Y 0 The modelling includes the assessed rerouting

locations (i.e. part of the subsets® @ @ § and the already identified public transport lines (i.e.
0 Qp ).

Oy14
0
Disruption a4./83d Canstatt (y,)
Hauptbahnhof (y1) 2z, _j-----= - T
SN LAl 3 3 Tr vyl
A.D, ® o @Neckmpml\(yg)

cepe, / " a4\ \
AD, @, ‘:

CC={azay) Pe %\ iz
A.Dy = 800m |
A.D, = 810m Untertiirkheim (y,) i
? a® O
DRP4 Oy4 ]

Yd= {ylﬁ Y2, }’4} ea4,y2= 1 Ldﬂg,yz = (U143 air. nestach)

Ad = {aln Qy, a6} eaﬁ,y4=1 Lda‘,,_n = (U43,dlr:Hdlderllnyl)

Figure 4.19 Example of the implementation of the proposed modelling framework in a disrupted scenario (by author)

'0'Y 0 envisions the rerouting of passengers trav§f g | e ml jglc QI gl rfc bg
aclrp_|j gr _r gml &F snr > _ffddknad ©ORtg the light mil lineg Wdl 8§SI|r
Furthermore, it anticipates the rerouting of passengers on lines S2 and S3 also in direction to
Qrsrre_pr %g aclrp_|j gr _r g(nel @) to therlight raildime Udldg Thé 8 @ b
objective of both passenger rerouting strategies foreseen to be the elemen€BD(see figure 4.19).
Furthermore, it is worth pointing out that the simulated passenger rerouting strategies are focused

exclusively on exploiting the effectiveness of the existing light rail system; thus, other transport
means are left aside during this evaluation.

As an intrinsic part of the residual capacity estimation model, the implementation -specific
determining variables like the vehicle hauling capabilities, line frequencies and the city-specific
gualities (e.g. mobility center of gravity , stops within the core) must be identified for each of the
networks being assessedThe city-specific elements like the route lengths their relevance within
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the public transport networks, and their normalizations should be identified utilizing steps i) and
iii) detailed in subsection 4.3.3.Featuresof the scheduled capacitiesmay be derived from the local
operators, particularly the utilized vehicle capacities, as these values fluctuate substarially
between different operational environments. However, general values from table 2.15 detailedin
subsection 2.4.4 can also be utilized as discussed in subsection 4.3.1.

Since the rerouting strategies being evaluated as part of this example have alredy been studied
throughout the OR function assembly and validation, most of the information has already been
identified. For example, the mobility center of gravity , the public transport stop located the closest
to this element, the route length between stops, etc. (see fgure 4.8 and table 4.9).

4.6.2. Residual Capacity Estimation Results

The scheduled capacities,the OR and its maximum values are calculated for each one of the
identified lines asdetailed in table 4.14. Finally, the residual capacities for both lines are estimated.

Table 4.14 Example of the estimation of the residual capacityf o r St dight rgildimes W sind U14 during the HVZ
(by author)

. . : Bad Canstatt Source or
Assessed Station (=% Untertiirkheim ( = * Calculation
Lines U4 Ui4 DRP
Nodesin6 6 0 o 0 o Figure 4.19
15t Node in6 6 @ @ Figure 4.4
Modelled Links 6 Fod Fod Fod Fo @ Fod oo fo Figure 4.19
Closest Node t6 6 C () () PIRAELD GER
Table 410
Distance from CBD to CIosTe;t !;lzodde In 904 904 Table 4.10
Evaluating Distance (0 @ 6 6 XQ(d) & 6585 5340 Measured
Total Line Length ( 006 @) & 6585 16120 Measured
Norm. Evaluating Distance tay 'Q 1 0.33 d/D
Norm. Evaluating Distance tals'6 6 0.13 0.06 d/D
Frequencyd Q¢ 10 10 Timetable
Avg. \ehicle Capacityd @i i Q¢ 246 246 VVS 2016l
ScheduledCapacity 0 & iI'@ 1476 1476 Eqqg. 4.3
Occupancy atd Cluring HVZ b 9 36 Figure 4.10
Max Occupancy ab 6 b 44 47 Eqq.4.5
Residual Capacity at=" | + ¥ f» 826 782 Eqq. 44

The results displayed in table 4.14 present a perfect summary of each one of the relevant steps
described throughout the public transport residual capacity model. Overall, the results allow
appreciating the relevance of the model and itsability to conduct a swift exploration of the capacity
limitation of existing public transport structures within a straightforward structure.

Furthermore, the results immediately reflect the proficiency of the DRP assessed passenger
rerouting strategies. This example plainly displays how relying merely on the light rail system as

a means of rerouting passengers to reach the center or viceeersa would not provide enough
transport capacity at either of the rerouting locations, even if a low average disrupted passenger
count per hour were considered for eacdh S-Bahn line (i.e. 1500 pass/hour/direction). What is
kmpc* qgqglac rfc n_qqclecpg dpmk jglcg Q0 _1Ib
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A_lgr _rrpu* rfggqg k_icqg rfgq Imbc n_prgasj _pjw
to absorb around 782 passengers per hour per direction.

4.7. Conclusions and Discussion of the Model

As discussed throughout section 32.1, a model that allows decision-makers to support the
development of passenger intermodal rerouting strategiesby taking into consideration the residual
capacity of local public transport systems needed to be designedas established bythe specific
objectives of the first Sectionof this work. The proposed model should provide a framework to
assess and support the development othe intermodal rerouting strategies between commuter
railway networks and local public transport means derived from exiting DRP transport concepts.

The proposed modelenables anassessment of residual capacity across a broad range of public
transport structures and diverse operating environments. Its ability to simultaneously determine
the assessment locations and isolate particular assets through its railwaydisruption module
facilitates the stock-taking of intermodal transport replacement strategies potentials and the
identification of existing bottlenecks.

The proposed model has been advanced within the framework of DRP development, more
precisely, filling the remaining void within the development of DRP transport concepts. Overall,
the model allows assessingintermodal rerouting strategies, ultimately enhancing the quality of the
resulting DRP transport concepts. Aligned with the enhancement of P&P strategies discussed in
subsection 1.4, the resulting model provides an adept example of the way in whichthe operational
continuity of different critical infrastructures can be pre -emptively addressed.

The ability of the model to identify critical locations within such a comprehensive structure, as
appreciated in the final example, makes it a proficient evduating tool with the potential to be
included within existing DRP developmentalframeworks. Once the capacity limitation issues are
identified in specific locations, the rerouting measures to existing public transport structures
foreseen in the DRPtransport concept can be negotiated with the local public transport operators.
In the same way, local public transport companies canalso make use of the model toidentify
further capacity-vulnerable locations within their own networks, where a much more detailed
assessment would be needed Therefore, it is possible to conclude that the specific objective
detailed for the first Sectionof this work has been achieved.

The development and assessment of the DRPassenger reroutingstrategies remain highly context-
specific. The OR function, however, enables bypassing the intricacy behind the arguably most
complex context-specific variable to be assessed. Since the OR does not need to be locally
readjusted, the already validated OR functions provide a fairly accurate overview to evaluate
multiple rerouting scenarios (e.g. times of the day, the structure of the network) within public
transport operations. Nevertheless, it is worth noting that referencing the center of gravity is highly
susceptible to spatial changes and thus, the effects of smaller nearby centers on the occupancy
must be considered when the proposed approach is being implemented and also for the
development of the passenger rerouting strategies.

The resilience of a public transport network is not only advanced through system qualities (e.g.
enhanced robustness or redundancy) but adequate mechanisms are alsmecessary to prompty
access key information It is mainly due to the OR functions that the proposed model is able to
swiftly identify critical nod es (e.g. bottlenecks). Thusafter a rapid capacity limitation assessment
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in close cooperation with local transport operators and with the adjustment of envisioned
strategies decision-makers are able to envision measures that uphold the welfare of both the
original and disrupted users. All these qualities indicate the successful development of a model
within the margins of this Q¢ a r igentifi@d gbjectives, requirements, and limitations.

From this section, it can be concluded that the proposed model offers a solution to close the
existing gap discussed insubsection 3.1, namely the lack of a framework, as it allows for the
prompt estimation of public transport residual capacity. It provides decision-makers with a relevant
platform to contemplate capacity restrictions during the development of rerouting strategiesin a
wide range of circumstances In the long run, when the assessment reveals the lack of a substantial
residual capacity, it allows pointing out the specific aspects that need to be modified inthe assessed
rerouting strategies or consider further transport replacement strategies, such as those described
in subsection 2.4.3.
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5. System Inputs

This section outlines the information required for the proficient development and implementation

of the dynamic DRP deployment system. Within this first module, the input information is
collected, processed and classified for its implementation in subsequent modules. The required
information has already been established in concordance with the dynamic DRP deplgment

gwgr ck%g pcosgpckclrqg _I b ecl capd352). nnpm_af &qcc

At the outset, it should be noted that the main role of the dynamic DRP deployment system is to
serve as a semiautomatic decisiorsupport mechanism supporting the reattime deployment of a
chosen DRP operating concept on the actual operating situation of a disrupted commuter railway
network. The necessary information is in essence,the same data that is routinely collected for
traffic management purposesduring regular operations (i.e. for the monitoring and control of the
railway network) (as discussed in subsection 2.2). Since the information that can be acquired from
existing traffic management systems may varyin extent or detail, the overall structure can be
divided into two groups. The first group of data arrangements is relatively constant and lays the
groundwork for the monitoring of the operations. The second group is dynamic in that it
establishes the very nature of the objects being monitored. Consequently, considing both groups,
rfc glnsr gldmpk _r gml gl rfgqg kmbsjc gg bgtgbechb
_I'b 8bwl _kgap gldmpk_rgml ajsqgrcpgq,

The static cluster contains all information critical for the monitoring of the operations, which does
not experience drastic variations between different disrupted events. The three key elements
within this group entail the infrastructural information , the original schedules and the circulation
plans, from which the operating situation of the investigated railway network can be fully
represented. Additionally, since the dynamic DRP deployment system is explicitly aligned with the
planned disruption-management (see subsection 2.3.3), all available DRP operating concepts for
the commuter railway network under investigation should be made available.

The information of the dynamic cluster is derived from the actual monitoring of the operating
situation of the network. It is important to highlight the need for this information to fulfill the
objectives of the dynamic DRP deployment system and abiding by the overall approach(see
subsection 32.2 and 3.5.3). While conventional real-time monitoring focuses on dynamic
management of the assets circulating in the network in concordance with the scheduled
operations, the proposed system focuses on the dynamideployment of the chosen DRP operating
concept. Thus, the dynamic group entails an acquisition of information that reflects the actual state
of the network and across its infrastructural operating components (i.e. vehicles and infrastructural
elements- see subsection 3.6.2), once the disruption has taken place.

The following subsections describe in detail the structure, handling and integration of the data
arrangements throughout all the inputs introduced in the dynamic DRP deployment system, as
discussed in the overall approach (see subsection 3.5.2). Initially, the three input elements within
the static group (i.e. infrastructural information, original schedules, circulation plans and
disruption programs) are discussed in subsection 5.1 and 5.2. Later, the disruption information as
the dynamic or context-specific data arrangement is detailed throughout subsection 5.3 and
subsection 5.4. These accounts set the basis for the lateprocessing of the input informatio n
throughout the respective modules.
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