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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-

makers need to establish strategies aimed at guaranteeing the operational continuity  of the systems 

and upholding basic service qualities 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 pre-defined dispatching measures for trains, rerouting measures 

for disrupted passengers and communication protocols for staff members, which are developed to 

address specific 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 line-specific 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 disruption. Stability 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 successful deployment of a DRP on 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 decision-support 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-makers to develop passenger intermodal rerouting strategies 

for DRP transport concepts, which consider the residual capacity of local public transport systems. 

The second objective is the development of a 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 in to two different Sections.  

The first Section describes 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 in-depth 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 implementation environment (i.e. 

means of public transport and layout of the public transport and disrupted railway networks).  

The second Section constitutes the main contribution of this work. It introduces a system for the 

dynamic deployment of the line-specific DRP operating 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 its modules 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 system foresees 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 metaheuristic methods (i.e. Genetic and Tabu Search algorithms) to 

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

two different operational levels: line -specific and vehicle-specific.  

At the line-specific level, the approach identifies and classifies line-specific 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 types 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 alternatives that have been generated at the line-specific 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 and 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 the expected 

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 conflict-free, 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 end-of-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 conflict-free combination, the system is able to select and display 

the best alternative.  
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Ultimately, the contribution advanced in the second Section of this work lays the foundation for a 

semi-automated deployment of the DRP operating concepts in the actual operating 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 

Eisenbahnsysteme sind aufgrund ihrer Komplexität (Personal, Personenverkehr, Signale, 

Betriebssteuerung, Fahrpläne usw.), ihrer z.T. hohen Auslastung und begrenzter Redundanzen 

besonders anfällig für das Auftreten unerwarteter Ereignisse und Störungen. Da Störungen für 

kritische Infrastrukturen unvermeidlich sind, müssen Entscheidungsträger Strategien festlegen, die 

darauf abzielen, die Betriebskontinuität der Systeme zu gewährleisten und die grundlegenden 

Servicequalitäten während dieser Vorkommnisse so weit wie möglich aufrechtzuerhalten. Für 

verschiedene Arten von Eisenbahnnetzen wurden im Rahmen des präventiven 

Störfallmanagements Verfahren für eine strukturierte Reaktion auf Störungen festgelegt. Diese 

sehen die Entwicklung und Implementierung von Störfallprogrammen (SFP) vor. 

SFP beinhalten vordefinierte Dispositionsmaßnahmen für Züge, Lenkungsmaßnahmen für 

Fahrgäste und Kommunikationsprotokolle für Mitarbeiter und wurden entwickelt, um bestimmte 

Störungsszenarien innerhalb eines Eisenbahnsystems mit geringen Aufwand zügig zu managen. 

Dazu enthält jedes SFP eine Reihe von linienspezifischen Maßnahmen (gültig für eine ganze Linie), 

die hauptsächlich aus zwei unterschiedlichen Konzepten bestehen: einem Betriebskonzept und 

einem Verkehrskonzept. Das Betriebskonzept enthält eine Reihe von Maßnahmen, mit denen das 

Betriebsprogramm einer Linie an die durch die Störung verursachte eingeschränkte Verfügbarkeit 

der Infrastruktur angepasst wird. Das Verkehrskonzept enthält eine Reihe von Maßnahmen zur 

Lenkung der Passagiere und damit zur Aufrechterhaltung der Mobilität innerhalb des Systems. 

SFP werden in verschiedenen Phasen umgesetzt. Unter diesen Phasen ist die Einschwingphase und 

damit der Übergang in einen stabilen Betrieb die kritischste Phase. Die Einschwingphase dauert 

von dem Ausrufen des gewählten SFPs bis zum Beginn des stabilen Betriebs des Systems während 

der Störung. Ein stabiler Betrieb ist überdurchschnittlichen nur erreicht, wenn alle Züge 

zuverlässig auf ihren im SFP geplanten (verkürzten) Strecken mit (reduzierten) Takten fahren, 

ohne dass es zu Verspätungen kommt. Bisher führen Disponenten die Umsetzung von SFP manuell 

aus. Daher wird die erfolgreiche Umsetzung eines SFP in einem gestörten Netz immer noch 

entscheidend von der Erfahrung und den Fähigkeiten der in dieser Situation stark belasteten 

Disponenten beeinflusst. 

Die SFP-Entwicklung selbst ist ebenfalls ein komplexer Prozess, bei dem verschiedene 

Interessengruppen (z. B. erfahrene Disponenten* @crpcg`cp Ăddclrjgafcp Tcpicfpqkgrrcj* ·'

einbezogen werden müssen. Während einige Ansätze darauf abzielten, von einer manuellen 

Entwicklung von SFPs zu einer Entwicklung mit Hilfe eines Entscheidungsunterstützungssystems 

überzugehen, sind noch Lücken in dieser Entwicklung zu schließen. Besonderes Augenmerk muss 

auf die Bewertung von Maßnahmen zur intermodalen Reisendenlenkung im Rahmen der 

Verkehrskonzepte gelegt werden. 

Die in dieser Arbeit vorgestellten Modelle verfolgen zwei spezifische Ziele. Das erste Ziel besteht 

darin, ein Modell zu entwickeln, mit dem Entscheidungsträgern Maßnahmen für die intermodale 

Lenkung von Fahrgästen für SFP-Verkehrskonzepte entwickeln können, die die Restkapazität 

lokaler öffentlicher Verkehrssysteme berücksichtigten. Das zweite Ziel ist die Entwicklung eines 

Modells, das die dynamische Bereitstellung von zugspezifischen SFP-Betriebskonzepten in einer 

tatsächlichen Betriebssituation des Netzes teilautomatisieren kann. Jedes der Ziele konzentriert 

sich auf die verschiedenen Konzepte (Betriebs- und Verkehrskonzepte) innerhalb der SFP, sie sind 

jedoch nicht miteinander verbunden. Daher ist diese Arbeit in zwei verschiedene Hauptteile 

(Sections) unterteilt.  
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Im ersten Hauptteil wird ein Modell  zur Abschätzung der Restkapazität der öffentlichen 

Verkehrsmittel, die sich für die intermodale Lenkung von Fahrgästen eignen könnten, entwickelt.  

Das Modell ermöglicht die Prüfung von Entwürfen intermodaler SFP-Verkehrskonzepte anhand 

ihrer Auswirkungen auf die Auslastung von Bus, Stadtbahn und U-Bahn als Grundlage für die 

anschließende Diskussion mit den Betreibern der alternativen Verkehrsmittel und dem 

Aufgabenträger. 

In einem ersten Schritt werden die für die Umleitung der Reisenden verfügbaren Restkapazitäten 

für Reisende abgeschätzt. Als wesentliche Einflussgrößen wurden die Gefäßgrößen, der Fahrplan 

sowie die abgeschätzte Auslastung, die von Tageszeit, Entfernung vom Stadtzentrum und 

Verkehrsmittel abhängt, anhand von Daten mehrerer deutscher Städte unterschiedlicher Größe 

identifizier t. Die Auslastung konnte datengetrieben in Abhängigkeit der genannten Einflussgrößen 

ohne Einschränkung der Allgemeingültigkeit geschätzt werden. 

In einem zweiten Schritt wurde ein Algorithmus zum kapazitätsabhängigen Routing entwickelt 

und auf einen Störfall beispielhaft angewendet. Mit diesem Algorithmus lassen sich 

kalibrierungsfrei Entwürfe für Umleitungskonzepte für die Reisenden automatisiert unter 

Berücksichtigung der verfügbaren Restkapazitäten als Grundlage für die anschließende 

Abstimmung mit den Betreibern der alternativen Verkehrsmittel und dem Aufgabenträger 

bewerten. 

Der zweite Hauptteil bildet den Kern dieser Arbeit. Gegenstand ist die Entwicklung eines Systems 

zur störungs- und fahrzeugspezifischen Konkretisierung des linienspezifischen SFP-

Betriebskonzepts unter Beachtung der tatsächlichen Betriebssituation eines gestörten S-

Bahnnetzes. Das Modell berücksichtigt die Tageszeit, die tatsächliche Position der Züge im Netz 

und die von der Störung betroffenen Infrastrukturelemente. Ergebnis des somit dynamischen 

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

der einen Übergang von der aktuellen Betriebssituation in einen stabilen Betrieb sicherstellt. Dazu 

werden Lösungen für die (integrierte) Lösung sowohl von Verfügbarkeits- und 

Belegungskonflikten als auch von Anschluss- und Umlaufkonflikte unter besonderer 

Berücksichtigung der typischerweise auftretenden Staueffekte vor dem SFP-Wendebahnhof 

entwickelt.  

Das dynamische SFP-Umsetzungssystem ist modular aufgebaut, sodass seine Module leicht 

aktualisiert oder ersetzt und neue Module hinzugefügt werden können. Jedes der Module des 

Systems wird in dieser Arbeit algorithmisch untersetzt. Soweit sich keine existierenden Ansätze 

eignen, werden die erforderlichen Algorithmen neu entwickelt, wobei die Art der verwendeten 

Algorithmen problemabhängig gewählt wird .  

Problemkonform sieht das dynamische System die Anpassung sowohl des Fahrplans als auch der 

Umlaufspläne des betroffenen S-Bahnnetzes vor. Das System umfasst für die meist NP-harten 

Probleme sowohl heuristische Konflikterkennungs- und Konfliktlösungsansätze und 

metaheuristische Methoden (genetische und Tabu-Such Algorithmen). 

Im Falle heuristischer Ansätze werden je Konflikt grundsätzlich mehrere 

Konfliktlösungsalternativen generiert. Die Grundlage bilden jeweils ca. sechs bis acht 

problemabhängig entwickelte elementare Konfliktlösungen. Zur Auswahl der geeignetsten 

Konfliktlösung werden die potentiellen Alternativen vergleichend unter Berücksichtigung weitere r 

Konflikte bewertet. Die Bewertung umfasst Kenngrößen wie die erwartete relative zeitliche 

Änderung, die induzierte Änderung der weiteren Betriebssituation, Gleiswechsel und Haltausfälle. 
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Die Konfliktlösung erfolgt differenziert nach linienspezifischen und darauf aufbauend 

fahrzeugspezifischen Konflikten. 

Die linienspezifischen Konflikte , die Fahrzeugverfügbarkeits- und Erreichbarkeitskonflikte  

umfassen, werden zunächst identifiziert und klassifiziert . Die auf linienspezifischer Betriebsebene 

generierten Alternativen werden durch metaheuri stische Algorithmen kombiniert. 

Jede Kombination wird darauf aufbauend auf die fahrzeugspezifische Betriebsebene übertragen. 

Ein heuristischer fahrzeugspezifischer KE/KL Algorithmus identifiziert (KE) und löst (KL) jeden 

induzierten Konflikt, um für jede Kombination einen konfliktfreien Fahrplan zu erhalten. Auf 

dieser Ebene behandelt der KE/KL Algorithmus vier verschiedene Arten von Konflikten.  

Anschließend werden die einzelnen Konfliktlösungsalternativen zu konfliktfreien Kombinationen 

zusammengestellt und anhand der Informationen aus jeder einzelnen Konfliktlösung bewertet. 

Dies wird ergänzt durch eine Bewertung der Fahrzeugpositionen am Tagesende (Fahrzeuge, die 

ihren Dienst an einem Ort im Netz beenden, der nicht mit dem geplanten Ort für die Abstellung, 

Wartung oder Instandhaltung entspricht) und Änderungen an den geplanten Wendebahnhöfen 

der Züge. Nachdem das System die technische und betriebliche Eignung jeder konfliktfreien 

Kombination festgestellt hat, kann es die beste Alternative auswählen. 

Zusammenfassend bildet das im zweiten Hauptteil  dieser Arbeit erarbeitete System die Grundlage 

für die halbautomatische störungs- und fahrzeugspezifische Konkretisierung von SFP-

Betriebskonzepten unter Beachtung der tatsächlichen Betriebssituation des gestörten Netzes. Das 

für S-Bahnen erarbeitete dynamische System ist darauf ausgelegt, unmittelbar eine Lösung für den 

Übergang des Betriebs in einen stabilen Zustand zu entwickeln. 
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Resumen 

Los sistemas ferroviarios son particularmente vulnerables a la ocurrencia de eventos inesperados 

y disrupciones debido a su dimensión y compleja disposición de sus componentes y operaciones 

(es decir: estaciones, vías, interruptores, vehículos, personal, tráfico de pasajeros, señales, control 

de operaciones, horarios, etc.). Como la ocurrencia de disrupciones en cualquier infraestructura 

crítica es inevitable, los responsables de la toma de decisiones deben establecer estrategias 

destinadas a garantizar la continuidad operativa de los sistemas y mantener las cualidades del 

servicio básico durante estos eventos. En muchas redes ferroviarias, se han establecido enfoques 

planificados de gestión de interrupciones para una reacción estructurada a las disrupciones. Los 

enfoques planificados de gestión de disrupciones prevén el desarrollo y la implementación de 

programas de disrupción (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 y protocolos de comunicación, para miembros del 

personal, que se desarrollan en el abordaje de escenarios de disrupción específicos dentro de una 

red ferroviaria. En consecuencia, cada DRP contiene un conjunto de medidas específicas de línea 

(es decir, válido para una línea completa), que están constituidas principalmente por dos conceptos 

diferentes: un concepto operativo y un concepto de transporte. El concepto operativo contiene una 

serie de medidas específicas de línea que permiten que el programa operativo de una línea se 

ajuste a la disponibilidad de infraestructura degradada inducida por la disrupción. 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 fases. Entre estas fases, la fase de transición a operaciones 

estables es posiblemente la más crítica. La fase de transición dura desde la declaración del DRP 

hasta que el sistema ha alcanzado operaciones estables durante la interrupción. 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 más demora. Hasta la 

fecha, los despachadores ejecutan la implementación de DRP manualmente. Por lo tanto, el 

despliegue exitoso de un DRP en una red afectada por efectos disrruptivos, aún está críticamente 

influenciado por la experiencia y habilidad de los despachadores. 

El desarrollo de los DRP en sí mismos también es un proceso extenuante, que requiere la 

participación de diferentes actores (por ejemplo, despachadores, operadores de transporte público 

y otros). Si bien parte del trabajo ha tenido como objetivo la transición de un desarrollo manual 

de DRP a un desarrollo asistido por un sistema de apoyo durante la toma de decisiones, todavía 

quedan vacíos por cubrir. La evaluación de las medidas de desvío de pasajeros intermodales dentro 

de los conceptos de transporte requiere una atención particular. 

El trabajo presentado en este documento, tiene dos objetivos específicos. 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 DRP, que consideren la capacidad 

residual de los sistemas locales de transporte público y el desarrollo de un sistema capaz de 

soportar el despliegue dinámico de conceptos operativos DRP en una situación operativa real. Cada 

uno de los objetivos se centra en los diferentes conceptos al interior de los DRP; por tanto, no están 

relacionados entre sí. En este sentido, el presente trabajo se divide en dos secciones diferentes: 
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La primera sección describe el desarrollo de un modelo para estimar la capacidad residual de los 

medios de transporte público utilizados para el re direccionamiento intermodal de pasajeros 

durante una disrupción, como se prevé en el concepto de transporte DRP bajo investigación. Las 

estrategias de re direccionamiento de pasajeros evaluadas proporcionan una base para discusiones 

posteriores y mucho más detalladas con los operadores locales de transporte público. Para 

respaldar una estimación de la capacidad residual, se deriva y valida un marco de evaluación 

utilizando información operativa real  de tres modos de transporte público: autobuses, tren ligero 

y metro. El modelo incorpora el marco de evaluación y está estructurado utilizando algoritmos 

basados en reglas respaldadas por teoría gráfica. El modelo tiene la capacidad de incorporar 

diferentes estrategias de re direccionamiento de los conceptos de transporte DRP y está diseñado 

para asegurar una validez general que pueda aplicarse independientemente del entorno de 

implementación (es decir, medios de transporte público y diseño del transporte público y redes 

ferroviarias interrumpidas).  

La segunda sección constituye la principal contribución de este trabajo. Introduce un sistema para 

el despliegue dinámico del concepto operativo DRP a la situación operativa real de una red 

ferroviaria afectada por una disrupción. La situación operativa real considera la hora del día, la 

posición actual de los trenes en la red y los elementos de infraestructura afectados. Como 

resultado, el sistema entrega un horario sin conflictos, especificando el número de tren con una 

precisión de segundos y garantizando que la red pueda alcanzar operaciones estables. El sistema 

de despliegue dinámico de DRP está concebido como una estructura modular para que sus módulos 

puedan actualizarse o reemplazarse fácilmente y, eventualmente, se puedan agregar nuevos 

módulos. Cada uno de los módulos, 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 dinámico de DRP prevé el ajuste, tanto del 

horario como de los planes de circulación, de la red ferroviaria en disrupción. El sistema está 

estructurado a través de métodos heurísticos (es decir, identificación heurística de conflictos - o IC 

- y resolución de conflictos - o RC -) y métodos metaheurísticos (es decir, algoritmos de búsqueda 

tabú y genéticos) para hacer frente a los problemas mayormente NP-Hard, y divide el problema en 

dos niveles operativos diferentes: nivel específico de línea y nivel específico del vehículo. 

En el nivel específico de línea, el enfoque identifica y clasifica conflictos específicos de línea 

(incluidos los conflictos de disponibilidad de vehículos y conflictos de alcance) y establece posibles 

alternativas de solución de conflictos con el apoyo del concepto operativo DRP, así como un 

conjunto predefinido de ocho tipos de soluciones elementales. Las posibles alternativas de solución 

se implementan en trenes individuales para resolver los conflictos específicos de la línea y 

establecer un conjunto de alternativas de resolución de conflictos a nivel operativo específico de 

la línea. 

Las alternativas que se han generado en el nivel operativo específico de la línea se combinan 

mediante algoritmos metaheurísticos. Cada combinación se maneja más tarde en el nivel operativo 

específico del vehículo. Un enfoque de ICRC heurístico específico a nivel vehicular identifica y 

resuelve cualquier conflicto inducido para obtener un horario libre de conflictos de cada 

combinación. En este nivel, el proceso ICRC maneja cuatro tipos diferentes de conflictos. Estos 

incluyen ocupación, disponibilidad de infraestructura, circulación y conflictos de servicio. Para 

cada conflicto identificado, el proceso ICRC desarrolla posibles alternativas de resolución de 

conflictos utilizando seis tipos de alternativas de solución de conflictos elementales. Las 

alternativas de resolución de conflictos se evalúan contemplando aspectos como el cambio de 
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tiempo relativo esperado, el cambio inducido en la situación operativa proyectada, los cambios en 

las vías o las cancelaciones de paradas de trenes. Una vez evaluado, solo se selecciona e 

implementa una alternativa de resolución de conflictos. 

Además, una vez que las combinaciones están libres de conflictos, se evalúan de acuerdo con la 

información ya valorada de cada resolución de conflicto utilizada para derivar la combinación libre 

de conflictos. Esto se complementa con una evaluación de los desequilibrios inducidos al final del 

día (es decir, vehículos que terminan sus funciones en ubicaciones de la red que no son compatibles 

con las operaciones programadas para el día siguiente) y cambios en las estaciones de giro de los 

trenes. Finalmente, habiendo comprobado la idoneidad de cada combinación libre de conflictos, 

el sistema puede seleccionar y mostrar la mejor alternativa. 

En última instancia, la contribución avanzada en la segunda sección de este trabajo sienta las bases 

para un despliegue semiautomático de los conceptos operativos DRP en la situación operativa real 

de la red. El sistema dinámico de implementación de DRP está estrictamente diseñado para 

mantener la rápida transición de la red hacia operaciones estables. Si bien el sistema está diseñado 

para redes ferroviarias de cercanías, puede emplearse independientemente de su entorno de 

implementación local. 
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1. Introduction  

1.1. Critical Infrastructures  

The habitability of dense urban centers can only be sustained by securing steady access to basic 

services. From drinking water to sewage collection, access to roads, railways or communication 

networks - all make life within cities possible ( Godschalk 2003).  

Gldp_qrpsarspcq _pc amlqgbcpcb ^apgrga_j% gl l_rspc ufcl rfc pmjcq rfcw dsjdgjj &c,e, fc_jrf* q_dcrw*

transport, etc.) are vital to maintaining basic societal functions, security, and the overall wellbeing 

md rfc nmnsj_rgml rfcw qcptgac &M%Pmspic 0..5, Bach et al. 2013). The prominence of critical 

infrastructures is such that if any of their functions ceases to be performed as intended, 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 complex systems and therefore are often 

susceptible to the occurrence and manifestation of a broad 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 processes and 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 of risks, sjrgk_rcjw fglbcpgle rfcgp a_n_agrw dmp _b_nr_rgml &M%Pmspic 0..5', Gris commonly 

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 as a dynamic process that transcends the notion 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   

Glrpmbsacb _q §Bgqrpg`srcb Npcn_pcblcqqµ rfpmsefmsr rfc dgpqr f_jd md rfc ruclrgcrf aclrspw gl rfc

context of critical infrastructure s (Collier and Lakoff 2008), rfc rcpk §npcn_pcblcqq _lb

npctclrgmlµhas laid the groundwork for current em ergency or disaster risk, management 

frameworks (i.e. preparedness, prevention, response and recovery) (King 2007). Furthermore, 

preparedness and prevention have been essentially considered as one conjoined concept, which is 

frequently packaged within discsqqgmlq ml rfc rcpk §kgrge_rgmlµ &Igle 0..5).  

P&P strategies have been understood to lie _r rfc apsv md _lw qwqrck%q _`gjgrw rm f_lbjc rfc

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 intended to 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 cases of 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 al. 2013).  
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In the context of this work,  resilience is approached through the broad framework provided by 

Bach et 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 adjust while  retaining adequate interactions with other systems (Bach et al. 

2013). Nonetheless, such an appreciation lacks the acknowledgement of what scholars refer to as 

a continuous learning and uncertain evolutionary process proclaimed over the basis of adaptable 

persistence (Folke et al. 2010, Chelleri et al. 2015, Hémond and Robert 2012). Therefore, critical 

infrastructure resilience must take account of the ability of these systems to cope with external 

forces, adapt to sudden changing conditions and 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 framework are 

quite broad and has not been fully asserted within the critical infrastructure debate  (Haimes et al. 

2008, Hémond and Robert 2012, Mattsson and Jenelius 2015, Crespo et al. 2018). However, two 

relevant understandings employed in describing the association of these two concepts can be 

identified.  

On the one hand, P&P strategies have been portrayed as static strategies that ought to be replaced 

by the development of a resilience-related agenda (Hémond and Robert 2012, p.412). Based on 

such understanding, P&P strategies are characterized 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 to prevent the ability of the system to foster authentic 

adaptive capacities (Hémond and Robert, 2012). This flaw illuminates the principal reason why 

P&P strategies ought to be replaced by a more resilience-related framework.  

On the other hand, P&P strategies are described as active assets within 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 strategies are 

explained to constitute critical  components within the resilience framework, as they are aimed at 

npmrcargle rfc glrcepgrw md rfc qwqrck%q mtcp_jj qcptgaccapabilities, playing the role of decisive 

enablers of adaptable capabilities following shocks (Haimes et al. 2008, Mattsson and Jenelius 

2015, Crespo et al. 2018). Within this understanding, the key notion of §_aacnr_`jc jctcj md

dslargmlgleµemerges (Hémond and Robert, 2012, p.413). To appreciate the §_aacnr_`jc jctcj md

functioning ,µ one must consider it as a back-up level that galvanizes the current characteristics of 

the system, as maintained by the first understanding. However, tfc §_aacnr_`jc jctcj md

dslargmlgleµalso presupposes that degraded operations may eventually take place, leading to the 

understanding that failure is unavoidable, and that clear strategies are needed to adapt the system 

to deal with  its imminent disruption . In the context of critical infrastructure s, dealing with 

degraded operations means adapting complex systems to a broad range of unknown operating 

conditions. Consequently, P&P strategies secure the link between stable and degraded operations, 

while ensuring that the affected critical infrastructure is able rm _rr_gl _l §_aacnr_`jc jctcj md

dslargmlgleµ ugrfgl _l slilmul bcep_bcb qr_rc* sjrgk_rcjw* npmrcargle the welfare of its users.  

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 need for the development of more resilient qualities. However, the first perspective 

also places limited significance on the way in which P&P measures are able to boost the ability of 
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critical infrastructures  to ensure operational continuity , which simultaneously permits exploring 

new adaptive potentials.  

It must be recognized that if the strategies or protocols provided by P&P were not in place, systems 

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 strategies must, therefore, carefully explore critical operating conditions . Without this, it 

would be impossible to contemplate ideas of system transformability, adaptability and resilience. 

Conclusively, P&P strategies ought to be understood as catalysts inside 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 areas, are 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 

systems sjrgk_rcjw8 §·facilitate economies to create wealth while reducing automobile dependence 

ȣ  enabling sustainable development, increasing livability and reducing poverty·µ &0015, 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 to operate dense schedules to satisfy existing 

transport demands (Newman and Kenworthy 2015). The efficiency and tremendous hauling 

capabilities of the commuter railway system means that they play a strategic role within local 

transport structures (Newman and Kenworthy 2015).  

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

captured by the German commuter railway networks  ilmul _q rfc §Q-@_flµ* which are present 

rfpmsefmsr kmqr md rfc amslrpw%q k_hmp sp`_l _pc_q,The large number of passengers served by 

these networks makes their consideration of particular relevance. In Berlin alone, the S-Bahn 

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

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

other German metropolises. For example, in Munich, rfc §Q-@_flµ rp_lqnmprq 62. rfmsq_lb ncmnjc

every day and manages a network of 530 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 

operations gq ncpqgqrclrjw rfpc_rclcb `w rfc qwqrckq% mul amknmslb _lb amltmjsrcb af_p_arcp 

(Jespersen-Groth et al. 2009). 

As in the case of most critical infrastructures, railway systems cover large geographical areas, and 

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 between civil 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 (e.g. stations, tracks, switches, vehicles, personnel, passenger traffic, signals, operation 

control, schedules, etc.), poses an 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 and follow 

rgefr rp_lqnmpr os_jgrw qncagdga_rgmlq, Rfc qwqrck%q cddgagclr _lb cddcargtc qcptgac a_n_`gjgrgcq _pc

made possible through a combination of very dense operational programs, the extensive and 

complex interplay of infrastructural elements, and vehicle operations, which enable the system to 

move users without interrupting  regular city functions. In most cities, the S-Bahn trunk  lines 

traverse the urban areas through tunnels (e.g. in Frankfurt, Stuttgart)  or elevated passes and 

bridges (e.g. Berlin), where their operations gain complexity due to the intricacy of the 

infrastructure. Any complication occurring in  these sections can 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 (Tamvakis and Xenidis 2012, Reggiani 

et al. 2015, Nielsen et al. 2012). For these reasons, railway systems are 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 figure 1.1. These threats are 

portrayed within four railway  dimensions (i.e. infrastructural, traffic operation & control, 

signalling and energy).  

 

Figure 1.1 Overview of possible disruptions for critical infrastructures and railway 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 r ailway 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 problems or lack of staff), whereas the other 50% is the result of external 

events or indirect infrastructural breakdowns (Jespersen-Groth et al. 2009). In response, railway 

infrastructure  managers and transport operators have put forward different approaches aimed at 

instituting more resilient system services. The most conventional measures focused on enhancing 

the infrastructural sphere apply physical interventions such as flood protection walls, expanding 

the drainage or endeavouring to improve station designs (Silla et al. 2014). Nevertheless, tackling 

issues of traffic control and other operational aspects of railway services are just as necessary.  

Within rail way mncp_rgmlq* gr gq amkkml ilmujcbec _kmle np_argrgmlcpq rf_r rfc qwqrckq%

composite conditions allow for disruptions to spread rapidly over space and time and create what 

rfcw a_jj §ilmai-mlµ cddcarq, Ilmai-on effects refer to the way in which the deviance of a single 

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

cumulative effects (Jespersen-Groth et al. 2009', Rfc qwqrckq% fgef nfwqga_j _lb mncp_rgml_j

complexity severely limits its physical adaptability and stresses the need for enhanced operational 

coping mechanisms. Thus, any debate on 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 experienced dispatchers, clear dispatching rules, contingency plans, 

communication technology, etc. Given that disruptions in rail way operations can occur due to 

different causes, staff members need to be well prepared to address any induced situation (Chu 

2014; Nielsen et al. 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 and return ing 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 (Jespersen-Groth et al. 2009). Different approaches to disruption-

management tasks depend on the local context (Schipper and Gerrits 2018). Regardless of the 

approach, decision-makers count with P&P strategies, 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 as the object of study since they are regarded as 

among the most complex of critical infrastructure systems (Johansson and Hassel 2010) and their 

prominence within urban environments has been steadily rising over the past few decades 

(Newman and Kenworthy 2015). 
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More specifically, this work strives to enhance existing P&P strategies to 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.  

 

 

 



 

  Page 7 

2. Literature Review and State-of-the-Art  

2.1. Overview  

As discussed 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 different elements and 

processes, requires complex operating and maintenance procedures. Consequently, managing 

railway networks becomes a highly composite undertaking that requires close oversight. For these 

reasons, railway systems are prone to the occurrence of events that interfere with their regular 

operations, thus, affecting its users.  

The interference of railway operations may be categorized by the amount of delay induced by the 

occurring events throughout the network  (Jespersen-Groth 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 r egarded as a disruption (Jespersen-Groth 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 decisions 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 (Jespersen-Groth et al. 2009). 

However, every modification on the operational level would also affect the passenger transporting 

a_n_`gjgrgcq md rfc bgqpsnrcb qwqrck* _lb rfsq* ml n_qqclecpq% ucjd_pc &@p_slcp _lb Mcrrgle 0./7', 

To uphold both the operational and the passenger transport quality during a disruption and swiftly 

address the degraded operational circumstances, decision-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 development 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 endeavours a detailed exploration of the existing disruption -management approaches. In 

subsection 2.3, both ad-hoc and planned disruption-management approaches, including state of 

the art regarding available methods and models, are discussed in extensive detail. Subsection 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 transport management. More 

specifically, it discusses the overall structure behind railway operational investigations, laying the 

groundwork for  later addressing disruption -management approaches and models.   

Overall, railway operations research calculations allow describing the relationship between 

infrastructure utilization and schedule or service quality  (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 t he delay as well as time reserves) that 

together support the planning and monitoring of railway operations (Oetting 2019).  

 

Figure 2.1 General approach for railway operations research calculations (Oetting 2019, 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 calculations _pc npmtgbcb gl8 B%?pg_lm &0..6' mp N_afj &0./6). 

Nonetheless, the framework depicted in figure 2.1 covers most of the existing alternatives.  

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 non-scheduled waiting times for trains during the monitoring of real-time 

operations. There is a broad range of approaches that allow ascertaining the waiting 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 required throughout 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 service quality (B%?pg_lm 0..6', Ugrfgl rfc kmlgrmpgle md
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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_glq &B%?piano 2008).  

The following subsections provide a detailed discussion on the input parameters and 

computational processes that 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 discussed; later, the infrastructure mode lling 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.  

The remaining computational processes to calculate journey 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 reserves (including operational buffer times)  is not directly addressed in 

the flowing subsection; thus, it is recommended to revise the following literature : Schwanhäußer 

(1974), Nie and Hansen (2005), Büker 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, this 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 §The operating program is the 

data description of all operational processes and characteristics of the transport units involved in these 

operations.µ &B@ Lcrx PGJ-405 2009, p.5 [own translation]).  

Initially, a UIC (International Union of Railways) report explains th _r8 §Rail transport 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 transport,µ

(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 same or 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 Vakhtel 2002, p.98).  

Operating Program  

Operating programs contain 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 described in 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: 

¶ 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 patterns 

¶ Train classes (e.g. long-distance passenger train, freight train) and overtakes  

¶ Passenger transport requirements 

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 accounted for in 

hourly intervals. Since cyclic schedules are easier to follow on behalf of railway user, the operating 

programs of passenger lines are mainly planned as cyclic schedules (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 ὸ, 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 service interval ὸ  

(Hansen and Pachl 2014, p.43).  

 

Figure 2.2 General example of a cyclic schedule, including the cycle time and service interval (source: Hansen and Pachl, 

2014, modified by author) 

Withi n 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 ὲ  is acquired by dividing the cycle time ὸ 

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

ὲ
ὸ

ὸ
 ςȢρ 
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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 d ifferent 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 Brünger (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: 

¶ Train identification  

o Train number  

o Train Class (e.g. regional or long-distance passenger trains, freight trains, etc.)  

o The automatic train protection system 

¶ Driving dynamics 

o Type of the traction unit (e.g. diesel or electric)  

o Train length, mass, number of wagons (if applicable) 

o Acceleration and speed characteristics (e.g. most frequent top speed) 

o Breaking performance  

ii)  Routes: 

¶ Similar routes within the investigated area  

¶ Similar stopping patterns within the investigated area 

iii)  Association with other train services 

¶ Service interval 

¶ Representative days of operation for the train service 

¶ Number of train services comprised by the model 

Each of the characteristics that have been listed is 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: §is sufficient to define model trains for a few combinations of mass, traction unit and 

train lengthµ &B@ LcrxRIL-405 2009, 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 checked once again to ascertain whether if it is possible 
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to reassign them 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 1.3, 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 o f 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 modelling 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 modelling 

technique to address problems such 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 considerable loss 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 assigned link  

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 modelled 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. real-time rescheduling) (Hansen and Pachl 2014).  
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Mesoscopic infrastructural models can be positioned with respect to their modelling 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 str ategic 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) must allow determining, which train 

runs are able to take place simultaneously, and, which induce a conflict.  

A particular ly relevant mesoscopic infrastructure modelling 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 conflict 

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 -specific 

differences in long-distance railway services as well as in local railway services are the central 

aspects to consider when grouping trains into model trains.  

The grouping of trains is carried out link -specific focusing on the train class and the driving 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 Nießen (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  

PFV 
PFV-S Personenfernverkehr -§qaflcjj§ Long-distance passenger service ­ §d_qrµ 

PFV-L Personenfernverkehr - §j_leq_k§ Long-distance passenger service ­ §qjmuµ 

PNV 
PNV-S Personennahverkehr -§qaflcjj§ Local/Regional passenger service ­ §d_qrµ 

PNV-L Personennahverkehr - §j_leq_k§ Local/Regional passenger service ­ §qjmuµ 

GV 
GV-S Güterverkehr -§qaflcjj§ Freight service ­ §d_qrµ 

GV-L Güterverkehr - §j_leq_k§ Freight service ­ §qjmuµ 
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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 column details the meaning of such abbreviation in German and in the 

third column , its English equivalent is presented (Oetting and Griese 2016a, p.4). 

Among other characteristics described in subsection 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 into 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 between the 

characteristics of every model train (i.e. differentiating between electro and diesel traction units) 

and assuming a parameter of 1 ,̧ which considers the sum of all track resistances (Oetting and 

Griese 2016a, p.5). 

ii)  Links 

The modelling 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 bidirectional operation on each track (Yes/No) 

¶ Restriction/Priority (for every train category)  

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, changes in track gradients, etc. (see Oetting and Griese 2016a, 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 correspondence to a rp_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 2016a, p.3).  
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The minimum headway is calculated for the respective model trains, as displayed in equation 2.2 

(Oetting and Griese 2016a, p. 9). The minimum headway time ὸ ȟ between train Ὥ and Ὦ, 

may be ascertained by determining the maximum value of the sum of the journey times ὸȟȟ of 

train Ὥ across the block sections Ὧ ρ plus the actual occupancy time ᾀ ȟȟ  of train Ὥ in block 

ά plus the pre-blocking time ᾀ ȟȟ  of train Ὥ in block ά minus the sum of the journey times ὸȟȟ 

of train Ὦ across the block sections Ὧ. In equation 2.2, the pre-blocking time ᾀ ȟȟ  results from 

the sum of the route setting time ὸ , signal visibility time  ὸ  and approach time ὸ  (see also 

Hansen and Pachl 2014, p.24). 

ὸ ȟ άὥὼ ȟȣȟ ὸȟȟ ᾀ ȟȟ ᾀ ȟȟ ὸȟȟ                            ςȢς 

Equation 2.2, has been conceived to support its implementation in a mesoscopic infrastructure 

model; thus, the resulting minimum headway times refer  rm rfc rp_glq% bcn_prspc rgkc dpmk _ lmbc

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 to: the route through the switching zone leaving the node at the 

beginning of the link until the  jgli%q first main signal (in German: Hauptsignal) , and the minimum 

headway time beyond the home signal (in German: Einfahrsignal) respective to the end node of 

the link , must be considered (see point iii ) Nodes). 

iii)  Nodes 

The modelling framework introduced by Oetting and Griese (2016a and 2016b) foresees the 

representation of nodes as in the approach introduced in Wendler and Nießen (2005). Wendler 

and Nießen (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:  

¶ 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 protecti on system available 

¶ Distance properties of the adjacent links (Matrix ­ S) 

Attributes specific to switching zones:  

¶ List of switching zones 

¶ Matr ix of reachability (Matrix E)  

¶ Matrix of conflicts (Matrix  K)  

¶ Matrix of velocity (Matrix V) 

¶ Distance properties for the switching zone (Matrix L)  

¶ Matrix of total occupations (Matrix Z)  
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Attributes specific to platform track groups:  

¶ Distance properties for the platform track groups and platform tracks 

¶ Matrix of total occupations (Matrix Z)  

Each of the node attributes is discussed in further 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 element, as 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 ᾀ  and occupancy times ᾀ . The means to ascertain the pre-

blocking times ᾀ  and the occupancy times ᾀ  in nodes is generalized in equations 2.3 and 

2.4 (Oetting and Griese 2016b, p.196). The computation of the pre-blocking times ᾀ  is, in 

principle, ascertained as discussed for link elements. However, the occupancy time ᾀ  is 

computed as the sum of the journey time in the common route section ὸ  that also includes the 

clearing time, plus a release time ὸ . 

ᾀ ὸ ὸ ὸ       (2.3)  

ᾀ ὸ ὸ            (2.4)  

Due to the existence of different driving patterns through a node, the modelling framework 

observes different cases to ascertain both the pre-blocking and occupancy times. Three driving 

patterns are taken into consideration, namely, arrival, departure without a stop 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 time ὸ  (Oetting and Griese 2016b, p.194). For 

an arrival to the node, ὸ  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, ὸ  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, ὸ  is 

recommended to be equal to the journey time between the stopping position and the exit signal. 

Ultimately, i n order to determine the pre-blocking times in the platform track,  ὸ  is ascertained 

as described for switching zones and respective to the driving pattern, ufgaf amlqgbcpq _ rp_gl%q

arrival and departure to and from the node. 

Furthermore, in order to determine the occupancy time ᾀ , the driving patterns under 

consideration are said to affect both the total journey time ὸ  and the clearing time throughout 

the node. However, in this case, different train combinations must also be considered. 

Consequently, the computation is conducted for a combination of Ὢρ and Ὢς (i.e. first and second 

trains, respectively) (Oetting and Griese 2016b, p.194-195).  



 

  Page 17 

For switching zones the ὸ  and the clearing time is determined for the two first driving patterns 

since platform track groups generally englobe more than one platform track.  

¶ For an arrival of Ὢρ to the node, the ὸ  is equal to the journey time between the home 

signal and the pl_rdmpk rp_ai%q qrmnngle nmqgrgml rfpmsef rfc pcqncargtc pmsrc ml rfc

switching zone plus the length of the train  Ὢρ. 

¶ For a departure of Ὢρ from the node, two cases are recognized: 

o If train Ὢς is not foreseen to drive through the same track on the adjacent link the 

ὸ  is equal to the journey time of Ὢρ from the exit signal through the switching 

zone plus the length of the train Ὢρ. 

o If the train Ὢς is foreseen to drive through the same track, the ὸ  is equal to the 

journey time of Ὢρ 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 Ὢρ. 

The occupancy time ᾀ  for the switching zones is computed by introducing the journey time 

ὸ  respective to the driving pattern in equation 2.4.  

For platform tracks, the ὸ  and the clearing time is determined by differentiating between the 

departure and arrival of the first train from the node.  

¶ For a stop of Ὢρ in the node after its arrival , the ὸ ȟ  is equal to the journey time between 

the home signal and the stopping position at the platform track.  

¶ For a departure of Ὢρ from the node after its stop, the ὸ ȟ  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 Ὢρ. 

¶ For Ὢρ driving through the node without a stop , the ὸ  is equal to the journey time 

between the home signal and the clearing point passed the exiting signal plus the length 

of train Ὢρ. 

The occupancy time ᾀ  for platform tracks according to the different driving patterns is 

ascertained as summarized in equations 2.5 and 2.6.  

ᾀ ὸ ὸ ȟ ὸ ςȢυ  

ᾀ ὸ ȟ ςȢφ 

The total occupancy time ᾀ for the different driving patterns and train combinations is ascertained , 

as summarized in equation 2.7. However, for calculating the total occupancy time ᾀ for platform 

tracks of trains departing or starting their service at the node, the variable ᾀ  does not exist as it 

has already been considered in the respective driving pattern (i.e. ὸ ȟ ).  

ᾀ ᾀ ᾀ ςȢχ 

The total occupancy time in the platform tracks does not include the stopping time ὸ  of a train, 

which can be adjusted by the user (Oetting and Griese 2016b, 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 2016b, p.197).  
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2.2.3. Conflict Identification and Conflict Resolution (CDCR)  

As discussed in subsections 1.3 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 

explain that in otcp_jj _bbpcqqgle bgqrsp`_lacq clr_gjq8 §Y·[identifying and solving train conflicts, 

while minimising the train delay propagation and maximising the dynamic utilization of railway 

capacity.µ &0./2* n,040', 

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

as a part of decision-support systems allowing dispatchers to address disturbed real-time 

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

npm`jck &ABAP' &B%Ariano 2008).  Decision-support models framed within  CDCR principles, have 

not only been advanced for real-time 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 of existing 

CDCR models and a discussion regarding the most important aspects that support their ability to 

address the planning or the management of disturbed railway operations. 

At the outset, the CDCR principles handle 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 recognized 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 

Pferdmenges and Schaefer 1995; Hansen and Pachl 2014). Figure 2.3 provides an overview of 

each of the four fundamental conflict types. 

 

Figure 2.3 Overview of the fundamental conflict types (Pferdmenges and Schaefer 1995, as 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. Bär 

(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 classified so 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 conflic t identification process are discussed in detail in the works of: 

B%?pg_lm &0..6'* N_afj &0./6'* F_lqcl _lb N_afj &0./2' _lbNeuber (2017), among others. 

ii)  Conflict Resolution (CR) 

The conflict resolution process addresses the identified conflicts by introducing 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 s patiotemporal adjustments in the schedule of the 

amldjgargle rp_glq &B%?pg_lm 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 alternatives 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 based 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 optimization approaches have been developed to support both the 

planning and real-time monitoring of railway operations, across all four discussed conflict types. 

Occupancy and Infrastructure Availability Conflicts 

¤ahin (1999) utilizes CDCR principles formulated as a job-shop scheduling problem to address 

occupancy conflicts during real-time operations. The model identifies and resolves conflicts 

synchronously within a time-horizon and incorporates look-ahead capabilities 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. 

Törnquist 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 trains 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 rescheduling of 

trains through junctions and stations utilizing branch and bound strategies within very stringent 

computational times. 

B%?pg_lm &0..6'presents a dispatching support system with the capability to perform real-time 

rescheduling due to the occurrence of disturbances. Utilizing an alternative graph model, and some 

heuristic methods, the system divides the CDCR problem into two sub-problems. 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 improves 

the results obtained from the first sub-problem. 

Caimi et al. (2012) propose a closed-loop 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 time theory while respecting connection constraints and 

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

projected onto the actual operating circumstances and displayed to dispatchers as time-distance 

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 temporal modifications for trains affected 

by a disturbance, seeking to minimize the induce delay. 

Corman and Quaglietta (2015) present an approach to complement existing CDCR models, which 

function as decision-support mechanisms for the monitoring of real-time operations (e.g. the 

qwqrck glrpmbsacb gl B%?pg_lm* 0..6', Rfc _nnpm_af `pgbecq rfc e_n `cruccl rfc pcqafcbsjgle

algorithms and the necessary projection of the operational environment, which is utilized to 

develop and assess the 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 demand by 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 model 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 constraints) 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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Peeters and 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 that is better suited to real-time operations and is targeted at 

assigning different vehicle compositions to a schedule that 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 of seating 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 2011).  

Connection Conflicts 

Ginkel and Schöbel (2007) introduce a model to address connection 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 algebra to 

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%q ct_js_rgml dslargml r_icq glrm _aamslr n_qqclecp bcj_w bsc rm `pmicl amllcargmlq _lb

arrivals. The model can be implemented to assess existing schedules or in real-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 technique based 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 as a job-shop scheduling problem detailed in ¤ahin 

(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 addressed, a 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, for example: Eglicj _lb QafĂ`cj &0..5'* B%?pg_lm &0..6'* Caimi et al. 

(2012)  or Haahr et al. (2016) . While exact methods conduct a very detailed exploration 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 able to 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 that rely on exact methods is further 

compromised as the complexity of the disturbance increases and the event turns into a disruption 

&qcc qs`qcargml 0,/', B%?pg_lm ajc_pjw fgefjgefrq rfgq npm`jck _lb cvnj_glq8 §Y·[the level of 

disturbance and the complexity 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 decisions need 

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 railway networkq Y·[µ (2008, p.171).  

CDCR Based on Heuristics   

CDCR processes based on heuristic approaches include models that are founded over rule-based 

or existing metaheuristics approaches (e.g. Tabu search). Due to their flexibility, heuristic 

approaches have been mainly, 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 or Oetting 

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 approaches, refer 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 lis t. 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 models that 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 fundamental 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 have laid the groundwork for the advancement of many 

disruption -oriented models.  

Occupancy and Infrastructure 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 function that 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 decision-support to 

dispatchers during real-time operations by means of an early identification and resolution of 

conflicts. The system conducts a short-term 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 asynchronously (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 simplified 

look-ahead capability that retains the alternatives in a decision-tree. 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 next 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 

unnecessary temporal 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 unnecessary temporal shifts from 

the schedule.   

Jacobs (2004) introduces a decision-support 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 alternatives that seek to 

kglgkgxc rfc rp_glq% psllgle rgkc, Dgl_jjw* bgddcpclr pcqmjsrgml _jrcpl_rgtcq _pc npmtgbcb rm rfc

dispatcher so that they can 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 represented through an event-based 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 train 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 mesoscopic 

gldp_qrpsarsp_j kmbcj _lb _bbpcqq maasn_law _lb gldp_qrpsarspc _t_gj_`gjgrw amldjgarq, Rfc kmbcj%q

overall structure is constituted by an iterative and asynchronous CDCR approach that introduces 

trains from one category and solves all conflicts before the 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 

kmbcj%q jmmi-ahead capability used in the evaluation of the conflict resolution alternatives. In 

nodes elements, across switching zones and 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 a link , 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.  

¶ For single over-occupation: 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 expanded to avoid deadlocks.  

¶ For multi over-occupation: the same principles as in the previous case are also valid with 

some modifications. If the above-described exploration yields no conflict-free combination, 

potential solutions that still contain conflicts are further considered in the same step. The 
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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 of over-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 over-occupation, 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 t ime 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 occupancy and circulation conflicts. The heuristic algorithms are based on the truncated 

`p_laf _lb `mslb _jempgrfk glrpmbsacb gl B%?pg_lm &0..6' _lb rfc N_pcrm jma_j qc_paf rcaflgosc

of Paquete and Stützle (2006). The overall structure entails an iterative CDCR process 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 modelled network, which allows their classification with respect to the operating 

situation in which they take place. The classification enables recognizing 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 look-ahead capability 

by providing a framework to assess the likely impact of follow-up conflicts based on their severity. 

The evaluation function considers the expected relative-rgkc af_lecq &g,c, af_lecq gl rfc rp_gl%q

delay vis-à-vis the original schedule), the changes in 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 three determining 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 time-distance 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 system. The model represents the modification of the circulation 

plans as a single 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 end-of-day imbalance. The second step utilizes the alternatives 

generated in step one and further enhances them by performing coupling and uncoupling 

operations seeking to further reduce the end-of-day imbalance. The resulting alternatives are 

introduced in an integer linear programming model to  select the circulation plans with minimum 

vehicle kilometres, seat shortage kilometres, 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 on the basis of the number of vehicle 

compositions needed for the resulting circulation plans appointed to the schedule.  

Connection Conflicts 

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 operating 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 conceived on 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 satisfies the mncp_rgle amkn_lw%q camlmkga m`hcargtcq, 

Discussion 

The models explored within this subtitle also support 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 with 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 i dentification 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 pre-defined 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 of allowing an automatic system to react 

reliably and generically to the actual operating situation (Stelzer 2016).  

Furthermore, for the models based on heuristic approaches, the 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 al. (2013) 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 throughout 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 require evaluation functions specifically tailored to assess the resolution 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:  

¶ 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).  

¶ Potentially induced waiting times due to follow -up conflicts with third trains (locally) or 

the changes in the projected operating situation (globally)  

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

Once these features are systematized in determining variables, they 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 correqnmlbclac rm rfc _nnpm_afcq% gknjckclrgle dgcjb &c,e,
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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 operations as part of a decision-

support system for dispatchers in real-time. 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 determining variables (Ὀὠ) 

are weighted and additively linked , as introduced in equation 2.8. 

ὉὙ ύ Ὀzὠ                                                                           ςȢψ 

Equation 2.8, generalizes the assessment framework introduced in DB Netz (2017); where the 

evaluation rate ὉὙ of a conflict resolution alternative is ascertained by the sum of three weighted  

ύ determining variables Ὀὠ.  

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 relative-time 

of a train is ascertained through a difference between its projected time (actual time) ὸ  

and its scheduled time ὸ  (DB Netz RIL-420 2017). This expected relative-time Ўὸ  is 

ascertained as generalized in equation 2.9. 

Ўὸ ὸ ὸ ςȢω 

The same principles are extended to ascertain the expected relative-time product of the 

implementation of a conflict resolution alternative , as generalized in equation 2.10.  

Ўὸ ὸ ὸ ςȢρπ 

Finally, the expected relative-time changes are ascertained as detailed in equation 2.11, which 

results from a difference between equation 2.10 and equation 2.9 (DB Netz 2017). 

Ўὸ Ўὸ Ўὸ ςȢρρ 

Gl pcesj_p mncp_rgmlq* rfc rp_gl%q pcj_rgtc-time is projected and measured across a series of locations 

throughout its scheduled route with the purpose of ascertaining its punctuality (DB Netz RIL-420 

2017). Therefore, the assessment of the conflict resolution alternatives takes place on the basis of 

the relative-time changes determined throughout a rp_gl%q relative-time measuring points. 

The assessment framework introduced in DB Netz (2017) foresees the weighting of the already 

ascertained relative-time changes Ўὸ  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 

divergences from 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. Emergency trains have priority over all trains  

2. Trains on express-passenger slots have priority over all trains except emergency trains. 

Deviations from the rule are regulated by the network coordinator. 

3. Trains on Express-freight slots have priority over all trains except emergency trains and 

trains on Express-passenger 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 this rule are emergency trains. 

The DB Netz (2017) assessment framework finally weights the changes in the expected relative-

rgkc af_lecq dmp _ rp_gl rfpmsef _ ucgefrgle dslargml rf_r r_icq glrm amlqgbcp_rgml _ rp_gl%q npgmpgry 

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 relative-time of plus five minutes would be weight 

much higher for a train on an Express-passenger slot that is close to being punctual (e.g. a delay 

of two minutes) than tha t of a non-express freight train that was already delayed for fifteen 

minutes before the implementation of the measure.  

Summary  

Through all discussed CDCR approaches, both planning and the monitoring of real-time 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 heuristic-based 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, planning of train connections) and their respective 

constraints so as to support the 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 CDCR approaches also 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 effectiveness of dispatching tasks since they allow a more 

detailed, less subjective, and uniformed dispatching process. As a result, the existing processes 

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: §Performance evaluation consist of a model of factors influencing 

the effect of rail transport by means of criteria and representative indicators. A comparison is made 

with reference to some subjective or valid standards for a given period of time.µ(2014, 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 or capacity consumption), they 

embody the quality  of service, which is to be achieved by the railway operations. 

The central objective of performance evaluation is to provide concrete information on the strengths 

and weaknesses of systems and their operating programs. Therefore, the specific parameters that 

are utilized to conduct the evaluation must be carefully chosen (Vakhtel 2002). An overview of 

these parameters vis-à-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 reserves throughout 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 (Schwanhäußer 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). 

 

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 to evaluate 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 

journey times op kglgksk fc_bu_wq' &B%?pg_lm 0..6', Rm _aamslr dmp rfc ugbcqnpc_b t_pg_rgmlq
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and random influences, stochastic models acquire particular 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 

quality of service standards needed to be upheld.  

The most recognized approach among constructive methods is the so-a_jjcb §amknpcqqgmlµ

method, which is detailed in the UIC Code-406 ­ Capacity (UIC 2013).  The method allows 

determining the capacity consumption of a specific portion 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.  

”
ὸ ὸ

ὸὨὩὪ 
                                                                               ςȢρς 

Equation 2.12 allows ascertaining the capacity consumption ” as the concatenated occupancy time 

ὸ plus some additional time ὸ  and divided by the defined time period ὸ   (UIC 2013, p.13).  

The method recommends that the defined time period ὸ  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 ὸ  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 Code-406 (UIC 2013, p.30; modified by 

Author)  

Type of Element  Peak Hour  Daily Period  

Link  

Dedicated commuter passenger traffic 18% 43% 

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). 

”
ὸᶻρ ὃὨὨὭὸέὲὥὰ ὝὭάὩ ὙὥὸὩ 

ὸὨὩὪ 
                                                     ςȢρσ 

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 Code-406 (UIC 2013, p.30-31; modified by Author)  

Type of Element  Peak Hour  Daily Period  

Link  

Dedicated commuter passenger traffic 85% 70% 

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 context-specific 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 umpi md T_ifrcj &0..0' _lb B%?pg_lm &0..6' rf_r

among available analytical methods, two approaches acquire particular relevance, namely, 

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

means to conduct an effective assessment of the capacity consumption of railway 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 permit to ascertain the mean queuing 

lengths and the waiting times by relating the time between successive arrivals of costumers into a 

queuing system (i.e. inter-_ppgt_j rgkc' _lb rfc qwqrck%q qcptgac rgkc, 

In the case of railway systems, the inter -arrival time ὸ represents the time between requested train 

paths through a link section of the infrastructure and the service time ὸ 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 ὸӶ and mean service times 

ὸӶ. Both of these values can be represented as rates; where the inter-arrival rate ʇ is the inverse of 

ὸӶ, analogously, the service rate ‘ is the inverse of ὸӶ. 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 ʇ by the service rate ‘ (see Potthoff 1969, or Fischer and 

Hertel 1990).  

”
ὸӶ

ὸӶ

ʇ

‘
                                                                              ςȢρτ 
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Based on the work of Potthoff (1969) and generalized by Fischer and Hertel (1990), the mean 

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

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

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

within the system. The mean service time ὸӶ and its coefficient of variation ὠ are ascertained 

through mean minimum headway times, which can be expressed as a function of the operating 

npmep_k%q p_lbmk rp_gl qcosclac npm`_`glities, _jqm a_jjcb rfc §p_lbmk rp_gl kgvµ &qcc F_lqcl

and Pachl, 2014).  

ὸӶ
ρ

ς
 ὸӶz

”

ρ ”
ρ ὠ                                                           ςȢρυ 

Schwanhäußer (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 Schwanhäußer (1974) to account for the variations in the inter -arrival 

times, thus, working with a waiting sys tem G/G/1/ Њ. 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, ?q cvnj_glcb gl F_lqcl _lb N_afj8 §Y·[as the level of quality ­ scheduled waiting time in this 

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 conditions.µ &0./2* n,/02', Dmp cv_knjc* rhe German infrastructure 

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 ὸӶ for a respective number of trains against an admissible mean waiting time 

ὸӶȟ  derived for a context-specific optimal number of trains.  

ii)  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 first is a 

general model used to calculate non-scheduled waiting times at junctions and switching zones. 

The second is a model that focuses on links. The third  model focuses nodes, and particularly, 

platform track elements. 

Schwanhäußer (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 non-scheduled waiting times due to the threading-in of trains in links and specific routes 

across switching zones. 
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Carey and Kwieciďski (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 simplify existing simulation models or the evaluation 

of capacity consumption of a track (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 trai ns 

from the stations, which are expressed as a function of  the delayed arrivals and the dwelling times 

in platform tracks .   

Yet, the approach introduced in Schwanhäußer (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 _q8 §Y·[the percentage of trains that have 

to wait in front of one or more obstruction points Y·[µ &B@ Lcrx PGJ-405 2009, p.24 [own 

translation]).  

As with the queuing theory based approaches, both of these parameters must be compared with 

those that represent an admissible 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 generated by Monte-Carlo simulation approaches; consequently, trains are 

appointed with non -scheduled waiting times vis-à-tgq rfcgp npgmpgrw gl rfc qwqrck &B%?pg_lm 0..6', 

Synchronous simulation models are conducted in one single step as trains are no longer inserted 

with respect to their priority. These models permit a much closer representation of the real 

operating processes and much easier modelling of random incidences during the operations 

(Vakhtel 2002). In synchronous models, random original delays are generated throughout multiple 

simulations, _lb bcj_w bgqrpg`srgmlq a_l `c _nnmglrcb _r qncagdga jma_rgmlq gl rfc lcrumpi &B%?pg_lm

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 RIL-405 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 subsection, 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 and support 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 move beyond disturbances to include disrupted operations.  

2.3. Disruption -Management in Railway Operations  

The disturbance-oriented models discussed throughout subsection 2.2.3 focus on the adjustment 

of either the schedule or circulation plans within specific loca tions 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. However, 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 Jespersen-Groth 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 glrcpdcpc ugrf rfc qwqrck%qplanned operations to such an extent that it renders its scheduled 

operations unfeasible and must be correspondingly adjusted (Jespersen-Groth et al. 2009). Under 

such circumstances, the management of the bgqpsnrcb mncp_rgmlq mp §bgqpsnrgml-k_l_eckclrµ

requires dealing with at least one of three central problems, namely, schedule adjustment, rolling 

stock rescheduling and or crew rescheduling (Jespersen-Groth 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 (Jespersen-Groth 

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 it may be regarded as a disruption (Jespersen-

Groth et al. 2009). 

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

the work of Nielsen et al. (2012). The author explains the difference between disruptions and 

bgqrsp`_lacq _q8 §In a disrupted situation, the planned resource schedules are no longer feasible and 

will have to be updated to take the actual situation into account. Disturbances, on the other hand, 

only need simple recovery measures.µ (Nielsen et al. 2012, p. 496).  

?lmrfcp bcdglgrgml gq npmtgbcb `w Ampk_l cr _j,* ufgaf bcqapg`cq bgqpsnrgmlq _q8 §Y·[the 

modification of some infrastructure characteristics, such as the temporary unavailability of one or 

more block sections, which causes alterations in the train travel times and routes.µ &0./.* n, 2/', Rfc

definition provided by Corman (2010), is primarily focused on the infrastructure and aligned with 

the understanding utilized in the w mpi md B%?pg_lm &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: §Y·[deviations from the planned operations or defined 

normal conditions.µ(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 events 

¶ 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.) 

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 induce substantial changes in the 

planned operations of a railway network, which ultimately need to be adjusted. The adjustment of 

the disrupted operations is regarded as disruption-management 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 disruption-management 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 the existing 

models. Finally, a discussion and general remarks 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, involv ing multiple stakeholders (i.e. passengers, infrastructure manager, 

railway operators) (Jespersen-Groth et al. 2009).  

The roles, responsibilities, and objectives of each of the stakeholders throughout the disruption-

management have been addressed in the existing 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-Los-Santos et al. (2012) and Piner and Condry (2017), the discussion rather focuses on 

n_qqclecpq% ucjd_pc* rfcgp bgddgasjrgcq ugrfgl bgqpsnrcb mncp_rgmlq* _lb rfcgp glrcp_argml ugrf qr_dd

members. Finally, an overview of the interplay between all three stakeholders, including the 

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

Whereas Jespersen-Groth et al. (2009) provide a detailed discussion of the foundations of the three 

disruption -management problems, and the interaction 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):  

¶ Identifying and solving conflicts throughout the railway network before they become 

manifest (involving all three disruption -management problems) 

¶ Mitigatin g and recovering from existing delays in the system  

¶ 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 disrupted operations can be derived, namely, ad-hoc 

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 measures that 

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):  

¶ Maximum utilization of capacity across nodes and links 

¶ Fastest possible restoration 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 (DRPs) or contingency plans, these 

entail a series of tested measures explicitly developed to address the disrupted operations, reducing 

the bgqn_rafcpq% pc_argml rgkc _lb clqspgle _ jcqq qs`hcargtc bgqpsnrgml-management. 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 engages with disruption -management, and 

that can be categorized within one of the two overall approaches. The available models address 

the disruption -management problems 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 approaches.  

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 ad-hoc 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 improvisati on 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 decisions that 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 ad-hoc approaches entails how subjective it is to the capabilities of 

dispatchers and the system-specific 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 more challenging to handle if decisions are not being 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 disruption. 

Current research has focused on the development of real-time decision-support systems aimed at 

permitting dispatchers to develop much more comprehensive strategies 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 disruption-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, known to NP-f_pb &B%?pg_lm 0..6', 

Acuña-Agost (2009) introduced a rescheduling approach that supports the spatiotemporal 

adjustment of the schedule by means of two different approaches, namely, a mixed-integer linear 

program and constraint programming. The approach relies on a right-shift 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 is 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 decision-support system 

npmnmqcb gl B%?pg_lm &0..6'* ufgaf f_q `ccl _bt_lacb rm _bbpcqq bgqrsp`cb mncp_rgmlq, Rfc

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 glrpmbsacb gl B%?p_glm 0..6', J_rcp* gl Ampk_l cr _j, &0.//', 

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 designed based on an existing 

decision-support 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 event-activity networks to adjust an existing schedule to fit the disrupted situation. The 

dispatching measures used to adjust the schedule 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 cancel led 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 to by the 

authors a "short-turning" 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 modelling of  the infrastructure. However, it does not explicitly include any 

_bhsqrkclr ml rfc _ddcarcb rp_glq% agpasj_rgml nj_l9 glqrc_b* rfc gknjckclrcb m`hcargtc dslargml

seeks to minimize the generated delay and the number of cancelled 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 thei r routes and 

maintains a fixed train order. The schedule adjustment 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, the authors 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 addressing 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_qqclecpq% afmqcl pmsrcq _lb rfc qf_pc md n_qqclecpq rfpmsef rfc qcjcarcb pmsrcq,

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 (Jespersen-Groth 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 input for the adjustment 

of the circulation plans (Nielsen 2011, Jespersen-Groth 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 end-of-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 the scheduled train services and the 

need to reschedule shunting operations due to end-of-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 modelled 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 end-of-day imbalances and does not 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 shortage in the scheduled train 

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

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

Crew Rescheduling  

The crew rescheduling entaijq rfc _bhsqrkclr md rfc apcu kck`cpq% qafcbsjc qm rf_r ctcpw rp_gl

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 drivers and 

onboard staff to be assigned to each rescheduled train service (Jespersen-Groth 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 covered by 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 can not 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 
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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 discussed thus 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 of rail -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 model that supports the schedule and circulation plan 

adjustment, while it also includes an approach to account for n_qqclecpq% `cf_tgmur. Initially, the 

schedule and circulation plans are adjusted through a mixed-integer 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_qqclecpq% `cf_tgmsp* rfc demand of the adjusted schedule 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 three existing 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. (2016). 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 

feedback loop between these two tasks. Finally, the crew rescheduling is executed, and 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 bottom-up without incorporating information 

contained from DRP, regardless of their availability.  

Most of the discussed models address one definite 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), while existing 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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jc_tc _qgbc rfc _bhsqrkclr md rfc bgddcpclr tcfgajc%qcirculation plan together with the adjustment 

of the schedule as in Ghaemi et al. (2017)  or by considering the adjustment of the circulation plan 

as inherently dependent of the adjustment of the schedule as in Nielsen 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 desp ite 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 disruption-management 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 pre-defined 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 uphold the continuous 

service of the system, allowing it to adapt to a degraded situation while upholding as many of its 

capabilities as possible.  

Altogether, DRPs can be implemented in different contexts (e.g. long-distance railway operations, 

medium or regional rail way operations, etc.) and are increasingly being recognized as the 

foundation of robust rail way services (Christoforou et al. 2016). For example, in the case of 

commuter railway networks, DRPs constitute prominent tools as they allow for safeguarding the 

welfare of an ample number of users from disruptions in 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).  

BPN%q k_gljw dslargml _q b_kncpq ml rfc p_ngbjw cqa_j_rgle mncp_rgml_j amlqcosclacq &§ilmai-on 

cddcarqµ' slaf_glcb `w bgqpsnrgmlq _lb rfcgp gkn_ar ml rfc qwqrck%q mncp_rgle a_n_`gjgrgcq _lb 

passengerq% ucjd_pc (Christoforou et  al. 2016). They provide with a clear outline with a line-specific 

granularity of the operational as well as passenger 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 understa nding and the flow of information (Chu et al. 2012). Ultimately, as a 

repository of already tested strategies, DRPs reduce the amount of ad-hoc dispatching decisions 

that need to be developed, decreasing the workload of dispatchers and simplifying the exploration 

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 transport capabilities of the system (Chu et al. 2012). The subset of measures 

msrjglgle rfc mtcp_jj qrp_rcew rf_r bc_jq ugrf bgqpsnrcb mncp_rgmlq gq pce_pbcb _q rfc8 §BPN

Mncp_rgle Amlacnrµ, BPN mncp_rgle amlacnrq amlr_gl mncp_rgml_j kc_qspcq &c,e, c_pjw rsplgle, 

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 outline the strategy to deal with the 
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reduce serviceability of the system is pce_pbcb _q rfc §BPN Rp_lqnmpr Amlacnrµ, BPN rp_lqnmpr

concepts consist of passenger transport compensation measures (i.e. rerouting passengers to other 

transport means) explicitly dcqgelcb rm snfmjb rfc n_qqclecpq% rp_tcj af_glq cgrfcp rfpmsef rfc

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 been adeptly 

described by Chu et al. (2012) as a sequential process summarized in five phases. The five phases 

are displayed in figure 2.5.  

 

Figure 2.5 Phases of the planned Disruption-management approach (Chu and Fornauf 2011, as cited in Chu and 

Oetting 2013) 

The implementation of DRPs starts 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 specific 

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_q r_icl nj_ac slrgj rfc BPN f_q pc_afcb qr_`gjgrw gq pce_pbcb _q rfc §af_mrgaµ nf_qc, Rfc ncpgmb

is regarded as being chaotic since uncertain and contradictory information is still 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 disruption-management, 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 stations: 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 

netumpi%q rp_lqgrgml rm qr_`gjgrw k_w `c _afgctcb gl _ ksaf pcbsacb rgkc, Qsaf _qncarq

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 become 

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).  

2. Limiting delay propagation in turning stations: during the transition to stability , it is difficult 

to first select a turning station for queuing trains, and second, select the best possible train 

service to be appointed after a train has been turned 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 by providing with structured starting times for trains at the 

DRP turning stations. However, since trains from different lines may turn at the same 

turning station , the starting times must be allocated at separated platform tracks in a line-

specific manner. 

3. Improving operating procedures during the transition phase: since 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.  

4. Communication processes during the disruption: while 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 disruption-management approaches can be 

divided in to a planning or development phase and a deployment phase (see subsection 1.2). Each 

of these phases is also projected into both the DRP operating and transport concepts, as depicted 

in figure 2.6.  

  
Operating Concept  Transport Concept  

Development 
Phase 

Evaluation of DRPs based on the 
transitional phase 

Validation of DRPs based on their 
transport concept 

Deployment 
Phase 

Deployment of the DRP on the actual 
operating situation 

Deployment of the transport concept on 
the actual passenger-flow and behaviour 

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 disruption-management (by author)  
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Within each of the phases detailed in figure 2.6, relevant tasks have 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 measures like 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 _l cvrclqgtc e_rfcpgle md bgqn_rafcpq% amjjcargtc ilmujcbec _lb cvncpgclac, and is now 

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 evaluation 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 Code-406 (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 of the 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):  

¶ To cover for 90% of the studied cases, the supplement value to the minimum turning time 

should be 3 minutes regardless of the number of drivers available on the train (up to 2).  

¶ 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 available on 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 

Operational 

(Train run 

Related)  

B
y
p

a
s
s 

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

line are deviated through a completely different route.  

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). 

R
e

d
u
c
ti
o
n
 o

f 
T

ra
ff
ic

 

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 

stations are served. 

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

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

portion of the line between the two DRP turnin g stations is not served. 

Deviation with replacement: the route of a specific train service or the entire 

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. 

In
c
re

a
s
e

 o
f 

T
ra

ff
ic

 Cancellation of stops: certain stopping locations (including platform tracks) 

of a specific train service or all train services of a given line are cancelled 

Additional stops: additional stopping locations of a specific train service or 

all train services of a given line are appointed 

R
e

d
u
c
ti
o
n
/ 

In
c
re

a
s
e

 o
f 

T
ra

ff
ic

 Modification of vehicle compositions: vehicle compositions appointed to two 

different train services can be coupled or decoupled 

Modification of the service interval of a line: specific train services of a given 

line are cancelled, or new services are introduced 

Transport 

(Passenger 

Related)  

In
te

rm
o
d

a
l 
 

R
e

ro
u
ti
n
g

 

To different railway services (regional, long-distance) 

To different means of public transport (Bus, Subway, Trams, etc.) 

Alternative replacement services (emergency bus services, taxis) 

Brauner (2019) establishes an evaluation algorithm with general validi ty intended for supporting 

a semi-automated 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): 

¶ The technical, 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 

¶ 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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¶ The variation in blocking times across different parts of the route, this is particularly the 

case, when disruptions result in a partial blockage of a section (i.e. single-track operation) 

Once the 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 

queuing near the disrupted section. The approach introduced in Brauner (2019), ultimately sets 

rfc epmslbumpi dmp rfc &n_prg_j' _srmk_rgml md BPNq% bctcjmnkclr, 

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 on the basis of the operating concept. Later, the 

whole DRP is validated based 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 chains 

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 considering passenger 

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 passengers are not taken into consideration.  

Deployment of DRP  

The deployment of a specific 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 set-up includes the identification of the infrastructural elements in the 

network utilized by the line -specific measures of the chosen DRP (e.g. turning stations, deviation 

points, etc.), and establishing the dispatching success of every single train in the network vis-à-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 measures, 

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 the DRPs 

The choosing 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 the DRP, 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 decision-support system or model 

available to support choosing the DRP during real-time 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 systematically 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 availability 

(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 adjustments 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 point in 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. 

Set-Up of the Chosen DRP 

Once the DRP has been chosen, its line-specific operating concept must be set-up. Setting-up the 

chosen DRP operating concept supports the subsequent deployment of its line-specific measures 

throughout all the trains circulating  in the network.    

The set-up 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 mostly 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 dispatching 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 order to measure the dispatching success during the transition phase, 

the analysis focuses on different groups of trains which 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 disruption or not.µ &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):  

¶ If at the moment of the DRP deployment, the train drives towards its end station (i.e. away 

of the disrupted section) or has not yet reached its the DRP turning station or deviation 

point  appointed to its line , it can be clustered in the Green category.  

¶ If at the moment of the DRP deployment, the train drives towards the disrupted section 

and has already passed the DRP turning station or deviation point appointed to its line, it 

can be clustered in the Yellow category.  

¶ 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 real-time operations must be framed within the three disruption -

management problems. As with ad-hoc 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 implement ad-hoc dispatching 

measures. On the one hand, the measures included in the DRP operating and transport concepts 

eases bgqn_rafcpq% bcagqgml-making processes by removing uncertainties and allowing them to 

dedicate more time to develop measures for each 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 faster the train queues in the critical 

area are dissolved, the faster the system becomes stable. Consequently, within current 

implementing practices, the successful implementation of a planned disruption -management is 

still influenced by subjective factors such as the experience and skill of highly strained dispatchers. 

Very limited literature exists, featuring  DRPs as part of decision-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 or as the authors refer to them 

§train -rescheduling patternsµ, Rfc _nnpm_af srgjgxcq rfc BPN mncp_rgle amlacnrq rm `sgjb
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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 observes certain 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 an index strictly tailored from a passenger perspective, focusing on weighting  the changes 

in travel time, number of transfers and resulting occupancy within the vehicles. Ultimately, the 

authors argue that by merging the DRPs' information 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 line-specific 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 authors initially argue that DRPs are designed 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 are static, as they need to be 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 a significant 

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 consider 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 and 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 ad-hoc 

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 ad-hoc vis-à-vis 

planned disruption -management, the main share of the models is grounded on ad-hoc 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 _jqm glajsbcq n_qqclecpq% ucjd_pc gq lmr asppclrjw _t_gj_`jc, 

The effectiveness and efficiency with which planned disruption-management approaches deal 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 passenger transport 

perspectives has been addressed in the work 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 a function 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 recognizing 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 

processes that are to be supported within this phase (e.g. adjustment of the DRPs, minimizing the 

transition times to stability) have not been adequately investigated to date.   

2.4. Passenger Transport 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 unintentional  actions of rail t ransport 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 becomes critical. Reliant on uninterrupted railway transport structures, the welfare of 

disrupted passengers must be upheld even during the occurrence of extreme operating events, 

either through the provision of replacement transport services or by taking advantage of existing 

alternative local transport structures. 

The management of disrupted passengers travel chains during railway disruptions entails 

addressing the broad array of possible scenarios presented by any disrupted situation. Coping with 

such eclectic conditions implies mediating between the affected railway operations, their disturbed 

passenger transport capacity and the length of the disrupted situation (Ghaemi et al. 2018b) . 
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However, despite the relevance of pursuing passenger rerouting 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 organizations in different countries. They 

conclude that the success of these courses 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 characterized 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 ad-hoc manner or through the implementation of DRPs. The 

following section explores planned approaches for passenger transport compensation strategies in 

detail. For approaches following ad-hoc principles, refer to Tsuchiya et al. (2006), Bouman et al. 

(2013) or Yin et al. (2016).  

2.4.2. Planning of Transport Concepts  

In the framework of DRP development, 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 only take 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 

qcaspgle n_qqclecpq% km`gjity chain. Therefore, they strive to guarantee that passengers are able 

to access the necessary alternatives to 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: 

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

¶ 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)  

¶ communication procedures between users and the railway staff (Chu et al. 2012, Pender 

et al. 2013). 
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Determining the most critical points where the _ddcarcb n_qqclecpq% rpgnq are to be addressed is 

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 Marín 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 an intermodal 

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 long-distance 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 passenger 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 

particular ly 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 nodes mostly implies taking an inventory of the resources available at 

these specific locations.  

Once the adequate rerouting prospects are asserted, there still remains the adequacy with which 

the strategies are shared with the affected passengers. From 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 ways (Curr ie 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 communications (Currie and Muir 

2017).  

One benefit conveyed by DRPs is that pre-structured communication processes form an intrinsic 

part of their structure. This  enables passengers and staff members to access necessary information 

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 passengerq% reactions towards disrupted 

operations as well as their eventual trip rerouting prospects implies contending with the intricacies 

`cfglb ncmnjc%q mtcp_jj km`gjgrw n_rrcplq _lb rp_tcj `cf_tgmsp, ?jrmecrfcp* rfcqc _pc glrpga_rc

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 strategies and communication protocols is a key part of the 
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development of DRPs (Chu et al. 2012) since these qualities enable disrupted passengers to 

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 parallel 

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 deeper discussion, 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 pursued 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 single-mode focused). Both of these strategies are further 

explored below. 

Alternative Replacement Services  

If the passenger rerouting strategies are to be conducted in an area that 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 particular vehicles to serve as a 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 for the so-a_jjcb §`sq `pgbegle npm`jckµ(De-

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 assessment of two key determining 

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 relevant 

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 transpor t 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 passengers at each one of the projected rerouting points across the railway network. 

Therefore, asserting the public transport qwqrckq% a_n_agrwlimitations and the proficiency 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_rspcq md rfc qwqrck%q mncp_rgml_j _lb nfwqga_j amknonents so as to project their ability 

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 divergent understanding of capacity 

carries its own significance and limitations. 

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

fixed resources and a quality of service objective, transport capacity is the maximum volume of flow 

that can be handled in standard conditions for a limited period.µ (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 manage during 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 sizes and 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 by the 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_qqclecp%q km`gjgrw lccbq _lb rfc pcqsjrgle af_lecq gl rp_lqnmpr bck_lb rmecrfcp ugrf rfc

availability of transpo rt 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 (see Schnieder 2015, Cats et al. 2015). 

Both of these tasks are further detailed in the following subtitles.  

Public Transport Demand  

Understanding public rp_lqnmpr bck_lb _q _l cvrclqgml md ncmnjcq% rp_tcj `cf_tgmur is not only of 

great relevance to capacity assessment but also in achieving a deeper appreciation of the public 

transport network potentials.  

The determining variables behilb n_qqclecpq% rp_tcj `cf_tgmur are said to include a broad arrange 

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 been 

explained in-bcnrf ugrfgl rfc §Sp`_l Km`gjgrw Asjrspcµ dp_kcumpi npcqclrcb `w Ijglecp cr _j,

(2013). The authors argue that p_qqclecpq% rp_tcj `cf_tgmspresults from a mixture of objective 

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 ncmnjc%q jgdcqrwjcq* _rrgrsbcq* 

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, 

dpmk nc_i &pcdcppcb rm gl Ecpk_l _q FTX §F_snrtcpicfpqxcgrµ' rm mdd-peak (NVZ 

§Lmpk_jtcpicfpqxcgrµ mp QTX §Qafu_aftcpicfpqxcgrµ' fmspq md sqc gl rfc lcrumpi, Gl cqqclac*

these periods depict the fundamental 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 (Walther 

1991, Steierwald 2005). 
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Fcpc* aclrp_j sp`_l _pc_q &A@B mp §Aclrp_j @sqglcqq Bgqrpgarqµ' _pc `w _l j_pec amlqgbcpcb rfc kmqr

relevant (Lefèvre 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 (Lefèvre 2009 ­ see figure 2.7). This generalization 

f_q `ccl dgpqr glrpmbsacb gl rfc qgknjgdgcb §qr_lb_pb sp`_l kmbcjµ mp rfc §`gb pclr kmbcjµ md

Alonso (1964). 

 

Figure 2.7 Monocentric and Mono -polycentric Urban Landscapes (Lefèvre 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 all 

glbgtgbs_jq ugrfgl rfc gltcqrge_rcb cltgpmlkclr rm npmbsac cosgjg`pgsk, Gl ?jmlqm%q kmbcj* rfc

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 Bertaud and Malpezzi: §Gr gq c_qw rm qfmu rf_r cosgjg`pgsk pcosgpcq

that change in commuting costs from a movement towards or away from a central business district 

&A@B' mp mrfcp cknjmwkclr lmbc cos_jq rfc af_lec gl pclr dpmk qsaf _ kmtckclr,µ(2003, p.22). 

This observation has been backed up by an analysis of 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 (Bertaud and 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%q §aclrcp md ep_tgrwµ &@cpr_sb 0..1* n,/.', Rfgq center of gravity conveys similar 

characteristics to those of the CBD in the monocentric case; thus, the population density in even 

gl nmjwaclrpga agrgcq _jqm bgqnj_wq _ lce_rgtc qjmnc kc_qspcb _e_glqr rfgq §aclrcp md ep_tgrwµ

(Bertaud 2003). Therefore, regardless of a monocentric or a polycentric urban landscape, there 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 the primary source and objective of trips generated within an 

urban area during weekdays has been essential for public transport capacity planning. Walther 

&/77/' cvnj_glq8 §Y·[it has been proven to be a permissible abstraction of demand to assume the 

frequency distribution of the travelled distances of all trips for predominantly monocentric areas as 

demand frequencies for inner city-oriented routes Y·[µ &U_jrfcp /77/* n,30[own translation] ).  
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Once the spatiotemporal influences on public transport demand have been considered 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.) (see Schnieder 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 passenger counts, 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 2018), and the results are 

useful to determining operational elements within lines (i.e. vehicle characteristics, frequencies of 

qcptgac', Wcr* rfgq kcrfmb%q lcrumpi-wide applicability is limited since it does 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 origin-destination 

(O-D) surveys, as they allow for the identification of the specific origin and destination of each 

trip. Nonetheless, O-D surveys have a much more complicated structure and, as such, are more 

difficult to evaluate.  

Ultimately, t he surveyed strength and spatiotemporal structure of the demand is narrowed down 

to decisive cross-sections across the network, to inform the scheduling of the public transport 

supply. These elements pinpoint 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 the critical demand identified at the decisive 

cross-sections entails recognizing the close interplay between all fundamental elements that 

constitute publga rp_lqnmpr mncp_rgmlq, Rfgq ^a_n_agrw-dgrrgle% gq _ lcqrcb npmacqq* ufgaf `sgjbq ml

different capacity levels while it adheres to certain standards so as to service the existing demand. 

Differentiating between capacity levels implies a systematic examination of the elements that 

amlqrgrsrc rfc ns`jga rp_lqnmpr lcrumpi%q eclcp_j dslargmlgle rm qcptgac rfc apgrga_j bck_lb, C_af

level yields a particular capacity related character that amounts to describe its operating conditions 

and transport supply limitat ions.  

Qglac rfc a_n_agrw jctcjq dmasq ml qgxgle bgddcpclr qwqrck%q amknmlclrq* gr `camkcq _nnmqgrc rm

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 capacity, ii) theoretical capacity, iii) operational capacity, iv)comfort-oriented capacity, 

v)network and mixed traffic oriented capacity. These categories enable 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 what is arguably the most important for public 

transport operations: namely, the number of people a specific vehicle type is able to transport. 

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

At large, this level can be defined as the maximum number of passengers a transport unit or vehicle 

is able to handle (Dorbritz and Anderhub 2007) . Thus, it is possible to recognize three fundamental 

limitations: the available number o f seats, the available area for standing passengers and the 

overall number of passengers 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 vehicle-models but also with existing regulations. For example, 

German public transport regulation adopts a maximum value of four persons per square 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 3.3 in Schnieder 2015, p.61) and the allowable amount is tied with local transport 

regulations. For planning and evaluating purposes these values are standardized (as in Schnieder 

2015, Dorbritz and Anderhub 2007) and an example of this is provided in table 2.5, where the 

averaged values for the total number (i.e. standing and sitting) of passengers per 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 
Mode 

Standard 
Bus 

Artic ulated  
Bus 

Tram 
Short  

Tram 
Medium  

Tram 
Long 

Metro 
Short  

Metro 
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 assumes 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 fixed on the succession time between moving bodies. The succession time or as 

gr gq _jqm ilmul §Headwayµ or §Frequencyµ pcdcpq rm rfc rgkc qcn_p_rgle rfc psl md rum qsaacqqgtc

vehicles. The succession time, as explained by Dorbritz and Anderhub, bcnclbq ml8 §·technical 

parameters that consider the safety-related and dynamic vehicle behaviors (speed, braking distance, 

etc.)µ(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 

§Minimum Headwayµ, Rfgq kglgksk t_jsc _qqskcq mnrgk_j amlbgrgmlq _lb slpc_j tcfgajc

behaviour parameters (i.e. minimal succession distance, equal acceleration, identical braking 

patterns and same reaction times) (Dorbritz and Anderhub 2007) . It is 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 

framework to ascertain the capacity ὅ of a particular line  within a defined time period ὸ . 

ὅ
ὠὧ
ὸzὨὩὪ              (2.16)                                        
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Dividing the m aximum passenger vehicle capacity ὠὧ by the headway time (minimum headway)  f 

and multiplied  by the defined time period ὸ  as depicted in equation 2.16, the capacity ὅ of a 

public transport line can be ascertained.  

iii)  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 exists an 

immense range of uncertainties across every single vehicle run (Brinckerhoff 2013, Dorbritz and 

Anderhub 2007, p.10). With regards to the system-passenger 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 affects the possible headway time between vehicles.  

Operators and planners create specific 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 actual driving 

time of the vehicles and enlarge the time between runs of two sequential vehicles by including the 

so-a_jjcb8 §`sddcp rgkcµ between runs (see Schnieder 2015), §@sddcp rgkcµ gq _fixed interval that 

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 

process to achieve some constancy despite the fact that it 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 -cqr_`jgqfcb qr_lb_pbq esgbc rfc qwqrck%q mncp_rgml_jqualities across 

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. It is said that during peak-hours (HVZ), passengers accept a higher occupancy 

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 20-minute-

peak and 65% over a one-hour peak (VDV 2001). On the other hand, during NVZ, the average 

occupancy should not surmount 50%, as passengers tend to secure a sitting place in the vehicle 

(Dorbritz and Anderhub 2007, Schnieder 2015).  

In the long run,  rfc qcptgac os_jgrw md _ pmsrc bcrcpkglcq rfc n_qqclecp%q rp_tcjchoice (Leurent 

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 demand data allows for the identif ication of 

the necessary characteristics of 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, publi c transport lines can be described along with  

their geometric and spatial characteristics such as: ring lines, radial lines, diametrical lines and 

tangential lines (see figure 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 ).   

 

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

Ufgjc rfc jglc%q ecmkcrpga _lb qn_rg_j dc_rspcq _pc bcagqgtcin msrjglgle rfc lcrumpi%qoverall 

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 decisive in 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 for the existing traffic and the interaction between 

different transport modes that share sections of infrastructure (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 lines, where 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.  
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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 capacity reveals a 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 built-in 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 

§lcrumpi-ugbcµ pm`sqr os_jgrw, Vs cr _j, &0./3' bcdglc rfc pcqgbs_j a_n_agrw dpmk rfc ncpqncargtc

of traveljcpq% _lb nj_llcpq% _lb bcqapg`c it as a general network quality to improve redundancy, 

contingent on route choices, travelling modes and congestion effects. 

The term residual capacity delineates a parallel understanding of all the above-discussed 

perspectives, yet it assumes a much more microscopic 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 residual 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 Ὑὅȟ of a public transport 

mode j at a point n is described as the result of multiplying its scheduled capacity ὅ by one minus 

the occupancy rate ὕὙȟ of a public transport mode j assessed at point n. The relation is structured 

in equation 2.17. 

Ὑὅȟ ὅ ρ ὕὙȟ                                                  (2.17)  
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Since capacity planning is dedicated to keeping the gap between the scheduled services and the 

spatial and temporal variations of passenger flows as 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`sqrlcqq ugrfgl rfc ns`jga rp_lqnmpr qwqrck%q mncp_rgle qrpsarspcq, Ns`jga rp_lqnmpr

robustness, fostered 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 system while expoqgle n_qqclecp%q

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 deviations in 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 the qwqrck%q _nrgrsbc rmabsorb the additional 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 transportation 

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 have not yet been fully  asserted (Cats and Jenelius 

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 particular 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),  

enhanced the previous model for public transport purposes in order to assess the residual capacity 

and its relevance during extreme scenarios. Cats and Jenelius (2015) develop a similar O-D 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 assesses 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 available emphasize the prominence of passenger flow 

and management of demand to boost the residual capacity of the public transport ncrumpi%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 networks. Additionally, 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 2.16, directly 

includes matters of vehicle capacities and operational frequencies. The OR circumscribes in one 

parameter the complex nature of public transport demand (i.e. as described 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 inclus ion of DRPs within the development of decision-support 

mechanisms for disrupted situations. As a result, issues as 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 been focused on the development and validation of the DRP operating concepts (see 

subsection 2.3.3), 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 address more than one of the three disruption-management issues (subsection 2.3). 

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 -management issues, 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 

Phase 

Evaluation of DRPs on the 

basis of their transitional 

phase 

Chu et al. (2012) ; 

Chu (2014);  

Brauner (2019) 

Validation of DRPs on 

the basis of their 

transport concepts 

Brauner and 

Oetting (2019), 

Partially Addressed 

 

Deployment  

Phase 

On the actual operating 

situation 

Nakamura et al. 

(2011)  

Not addressed until 

this point  

Passenger-flow and 

behaviour 

Not addressed until 

this point  

On the actual availability 

of infrastructure  

Not addressed until 

this point 

The actual availability 

of alternatives 

Not addressed until 

this point  

Figure 2.9 Existing research voids within planned disruption-management (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 have 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 introduced 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 passenger intermodal rerouting strategies utilized to develop the measures within 

the transport concepts have not 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 

concepts to the actual operating situation  is currently conducted manually by dispatchers. Only 

the approach of Nakamura et al. (2011), addresses this specific issue; however, 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 not 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 accentuates the imminence of the 

occurrence 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 decisions within uncertain circumstances in short periods of time.  

As discussed in subsection 2.3, each of the decisions taken by dispatchers for the handling of the 

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

affecting passenger welfare to varying extents. 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 disruption-management (e.g. decision-support 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 disruption-management problems at a time (i.e. 

schedule adjustment, rolling stock rescheduling and crew rescheduling) and even fewer 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 ad-hoc approach, there remains a lack of models that effectively 

address more 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, their pre-planned operating and transport 

concepts provide instrumental information to support a comprehensive and structured disruption -

management (see subsection 2.3.3). This work addresses the debate on the implementation of 

planned disruption-management approaches, as P&P strategies that seek to uphold the efficiency, 

effectiveness and service quality of disrupted railway networks.  

Overall, the present work strives to enhance planned disruption-management approaches (i.e. P&P 

strategies) by addressing the existing voids in the framework supporting the development and 

deployment of DRPs. Ultimately, it is by addressing the existing voids within the discussed P&P 

strategies of railway systems that the resilience of these critical infrastructures can be advanced. 

While DRPs provide an adequate foundation upon which to address 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 research-voids 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 

Phase 

Evaluation of DRPs on 

the basis of their 

transitional phase 

Chu et al. (2012);  

Chu (2014);  

Brauner (2019) 

Validation of DRPs 

on the basis of their 

transport concepts 

Brauner and Oetting 

(2019); 

Addressed in Section 1 

Deployment  

Phase 

On the actual operating 

situation 

Addressed in 

Section 2 

Passenger-flow and 

behaviour 

Not addressed until this 

point  

On the actual 

availability of 

infrastructure  

Not addressed until 

this point  

The actual 

availability of 

alternatives 

Not addressed until this 

point  

As generalized in table 3.1, 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 unrelated. 

Throughout the development of this work, each of these distinct voids will be addressed in a 

qncagdga ^Qcargml%, as detailed in table 3.1. 

Initially, the remaining shortcomings within the developmental structure of DRP transport 

concepts are addressed 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 1 introduces 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 major source of vulnerabilities, as active dispatcher engagement is 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 2 puts 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 for each of the Sections established in subsection 

3.1. The objectives are laid out in detail and later complemented with a discussion of their 

respective requirements, limitations and general development methods. 

3.2.1. Section 1 í Residual Capacity for Passenger Rerouting  

Section 1 addresses the passenger rerouting measures during  the development of DRP transport 

concepts, where user comfort, as well as transport quality, are the target outcomes to be considered 

within the overall  structure, as discussed in Brauner and 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 this additional demand. Whereas the constant 

availability of public transport structures permits a swift solution to satisfy the needs of disrupted 

passengers, as discussed in subsection 2.5.5, 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, the intermodal 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, the DRP transport concept would contemplate the rerouting of 

passengers towards 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 area and their ability to service the supplementary demand; in other 

words: identify t heir residual capacity.  

Therefore, the specific objective of the first Section entails the development of a model that allows 

decision-makers to generate passenger intermodal rerouting strategies that 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 representative 

consideration of the actual operating environment, thus, enhancing their quality.  

3.2.2. Section 2 í Dynamic Deployment of  Disruption Programs  

Section 2 addresses the development of a framework that supports the dynamic deployment of the 

DRP operating concept 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 concepts is not 

reliable. Overall, the current deployment practice is highly influenced by subjective factors (e.g. 

dispatchers experience) where the reaction times are inadequate, and due to the complexity of the 

problem, the basis upon which decisions are made is limited in scope. Therefore, a semi-automated 

system that supports the dynamic deployment of the DRP operating concepts would prove highly 

beneficial.  

Existing approaches, which are almost solely based on ad-hoc disruption-management principles 

(see subsection 2.3) often perform an exhaustive bottom-up search for precise solutions and derive 

complex models that can not support actual dispatching practices. Decision-support systems 

designed to address disrupted situations by means of highly context-specific 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 a wider set of critical influences. For example, approaches that rely on 

exact methods like the ones discussed in subsection 2.3.2 permit to compute a 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 



 

Page 70 

on the overall disruption -management, as it restricts the share as well as the extent of disruption -

management problems that may be addressed and, ultimately,  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 second Section is to fill the existing  gap by developing a system capable 

of gathering the benefits of the already developed and tested line-specific 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 semi-automated decision-support 

mechanism, the necessary 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 prac tices within 

such a decision-support mechanism, all relevant solution possibilities for the affected lines vis-à-

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 Section entails 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 concept, but 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 line-specific measures foreseen in the chosen DRP operating concept, the expected 

outcome of such a dynamic DRP deployment system is to derive a conflict-free schedule with the 

sufficient quality to secure its practical implementation and which secures the capability of the 

disrupted railway net work 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 addressed problems, a developmental 

field valid for both Sections is 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, particularly during peak hours across its mainlines (see subsection 

1.3). To this end, for both of the independent Sections in this work, the German commuter railway 
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lcrumpiq §Q-@_flµ _lb their respective DRPs are used as developmental fields to further the 

objectives of the study.  

3.3.1. Section 1 í Residual Capacity for Passenger Rerouting 

As detailed in subsection 3.2, the first Section of this work concentrates on establishing a model 

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

during the development md n_qqclecp pcpmsrgle qrp_rcegcq ugrfgl BPN%q rp_lqnmpr amlacnrq, ?q

discussed in subsection 2.4, taking into consideration 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 subsection 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 capacity of any public transport line at any point in its route entails 

streamlining key determining variables within capacity planning . The kmbcj%q cqrgk_rgml md rfc

residual capacity is therefore confined within the framework of public transport capacity planning 

and management. 

Since public transport capacity planning and management are 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 strategies 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 overall 

complexity is limited, which enables the prompt appraisal of the modelled circumstances, and 

qcaspcq grq glajsqgml gl rfc eclcp_j tcpgdga_rgml npmacqq md rfc BPNq% mncp_rgle amlacnr, 

Furthermore, since the model is intended for the validation purposes of 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 dgpqr rum _qqcqqkclr m`hcargtcq md rfc BPN%q rp_lqnmpr amlacpts discussed in subsection 2.4.2. 

Thus, communication between users, decision-makers and staff members falls outside of the 

kmbcj%q bctcjmnkclr_j dp_kcumpi, 

3.3.2. Section 2 í Dynamic Deployment of  Disruption Programs  

This subsection establishes the limitations of the dynamic DRP deployment system 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 address disruptions in railway 

passenger transport, more specifically, in networks with already developed and tested DRP 

mncp_rgle amlacnrq, ?q bgqasqqcb _`mtc* Ecpk_l amkksrcp p_gju_w lcrumpiq §Q-@_flµ _pc sqcb
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as the developmental field to further assemble the structure of the system. Thus, the structure of 

the dynamic DRP deployment system proposed in this work is tailored to deal with disrupted 

operations within the commuter railway networks.  By focusing the qwqrck%q design on 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 services of 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 Qcargml%q specific objective calls for the development of a dynamic DRP 

deployment system capable of adjusting a schedule to 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 lines 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 

subsections 2.2 and 2.3 and which support the identification or resolution of conflicts.  

Moreover, since the development of the system seeks to fill one of the remaining gaps (see table 

3.1) hindering rfc bcnjmwkclr md rfc BPNq% mncp_rgle amlacnrq rm the actual disrupted situation, 

it tackles the lack of a framework outlining the deployment of the DRP within the transition phase. 

Therefore, any forgoing processes are not directly included in the scope of this work.  Aspects like 

the development of the DRP operating concepts, the assessment of the disrupted situation and any 

other investigations that need to be conducted before choosing a specific DRP from the set of DRPs 

available for the network lay outside the scope of this work. So is the modelling 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 same token, 

the adjustment of the DRP operating concepts to the 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 DRP deployment system is set provide the 

necessary platform for their subsequent advancement (see table 3.1).   

Furthermore, as it has been discussed 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 trade-off 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 conflict -free 

schedule that deals with more than one disruption -management problem, during actual disrupted 

operations and under predefined computational circumstances. While the system is advanced as a 

decision-support 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 computational 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 be fully validated, 

_lb rfcpcdmpc* rfc k_gl cknf_qgq gq ml rfc bcqgel md c_af md rfc qwqrck%q amknmlclrq, @w rfc q_kc

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 1 í 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 strategies that 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 considered 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 off-peak hours (i.e. HVZ, NVZ and 

SVZ). 

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 strategically identified, isolated and parameterized. 

In the same vein, to refrain from structuring a model that requires exceptional and complex 

processes to be conducted before its implementation, careful consideration is required to ascertain 

the key determining vari ables within 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 deepening the 
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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 

qwqrckq _lb rfcgp BPNq, Rfgq gq n_prgasj_pjw pcjct_lr dmp bcpgtgle _lb rcqrgle md rfc kmbcj%q

necessary assumptions. Therefore, information regarding the passenger exchange records to 

ascertain the changes in the vehicle-specific occupancy across multiple public transport modes and 

networks ksqr `c _aosgpcb ugrfgl rfc amldglckclrq md Ecpk_lw%q ns`jga rp_lqnmpr lcrumpiq* _q

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 Section must 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 vari ables. 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 2 í Dynamic Deployment of  Disruption Programs  

The requirements for the development of the dynamic DRP deployment system, as defined in the 

specific objectives of this Section, 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 line-specific operational concepts and the actual disrupted circumstances by 

establishing a conflict-free schedule with sufficient quality to ensure its practical implementation. 

The proficiency of the system is highlighted by its ability to serve as a semi-automated decision-

support mechanism with general validity (i.e. not context -specific) that allows systematically 

tackling broader disruption-management problems guided by the DRP operant concepts. 

So that the DRPs can be purposefully integrated into  an actual decision-support system, the 

obstacles engendered by current implementing practices must be addressed. Here, the static nature 

of DRPs and the lack of a clear outline guiding the system to stability, pose the most significant 

challenges. Of particular importance are the considerations made in Ghaemi et al. (2016), which 

can be immediately aligned with the identified lack of a dynamic DRP deployment framework (see 

subsection 2.3.2 and 2.3.3). 

At the outset, the dynamic DRP deployment system must be able to transfer the measures detailed 

in the line -specific DRP operating concept to every single train in the network. It must do so while 

considering the three central disruption-management problems (see subsection 2.3), a special 

focus on capacity consumption, the lcrumpi%q rp_lqgrgml rm qr_`jc mncp_rgmlq and the particular 

characteristics 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 

express-passenger slots). 

Overall, from current DRP deployment practices, the particular characteristics of the actual 

disruption to be considered are:  
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¶ the time of day of its occurrence (i.e. time of the day HVZ, NVZ or, SVZ),  

¶ all affected infrastructural elements,  

¶ 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, tfc rp_glq% mncp_rgle amlbgrgml, which must be recognized, entails information 

such as their current delay and whether they have been directly affected by the disruption.  

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 the system handles all train services scheduled to operate in the disrupted 

network, the resulting conflict -free schedule must have a train number and minute-specific 

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 disruption-management 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 disruption-management 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 d isrupted situation, to fulfill 

this Qcargml%q specific objective, some issues acquire more relevance than others (see subsection 

3.2.2).   

i)  Schedule Adjustment  

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

lcrumpi%q mpgegl_j qafcbsjcare explicitly  handled to abide by the actual disrupted operations. 

Within the context of planned disruption -management approaches, the successful adjustment of 

the schedule demands that each train service is adjusted as determined by its line-specific DRP 

operating program in such a way that the network can reach stability without overlooking the 

n_qqclecpq% ucjd_pc, 

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. Such 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 implementing field.  

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, non-existent, the dynamic DRP deployment 

system must find adequate means to track and uphold the service quality of the disrupted network 

cvajsqgtcjw dpmk rfc n_qqclecpq% ncpqncargtc. 

ii)  Rolling Stock Rescheduling  

Secondly, to achieve a conflict-free 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 conflict -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 imbalances should 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 geographical 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 scheduled train services 

throughout the day, must still be carefully taken into  consideration. 

iii)  Crew Rescheduling  

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 Qcargml%q specific 

objective, one aspect may 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. 
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Therefore, the system must incorporate the necessary constraints during 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 must support the adjustment of the schedule as well as circulation plans, and indirectly, 

incorporating  the scheduling of shunting movements, end-of-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 deployment framework. Therefore, not only must 

the system acknowledge the existence of the different phases that are involved in the deployment 

of the DRPs, which includes the 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 many dispatching 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, _lb rfc lcrumpi%q _`gjgrw rmtransition to stable operations. 

The ability of the dynamic DRP deployment system to support 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 must also be able to support 

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 system-specific 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 3.3.2, to 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 this Section must not only be able 

to derive a conflict -free schedule by implementing the line-specific DRP operating program to every 

scheduled train 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 
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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 addressed problems, and the need for 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 to address the problems being tackled in this work requir es 

the close consideration of the requirements, constraints as well as the targeted outcomes of the 

undertaking as a whole. The investigative approach leading the development of both the residual 

capacity estimation model (i.e. Section 1) and the dynamic DRP deployment as a decision-support 

system (i.e. Section 2) envisioned in this research respond 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 Sections addressed 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 urban functions, composes 

highly complex and interconnected processes and relations. Therefore, the research methodology 

must recognize and adjust to the complexity behind the problems addressed in each of the models 

being put forward.   

A substantial number of methods could be applied to structure approaches capable of achieving 

the objectives pursued in both Sections. Subsection 3.5.1 discusses these diverse methods, and later 

the most appropriate methodology for each of the Sections is discussed in subsection 3.5.2. Finally, 

from the methodology established in subsection 3.5.2, the structure of the overall approach for 

each of the Sections is 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 Sections of this work. The available methods are found within the context of Operations 

Research, which is 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, exact, metaheuristic, rule-based and 

fuzzy logic methods. Each of the four clusters is 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 process a 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 elements 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 here is uninformed search methods, such as brute force methods. 

These only aaacqq rfc npm`jck%q amlqrp_glrq _lb bcdglgrgmlq _lb ncpdmpk _l slesgbcb cvnjmp_rgml

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 tree). 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* search algorithms, 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 are 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.  

LP approaches deal with problems within the complexity class P (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 LP is represented as a vector constituted 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 of ILP, the solution vector and the program handles only integers. Together LP and ILP 

are recognized as mixed-integer linear programs (MIP or MILP). When integers are allowed within 

the solution vector, the search space becomes more complex, and 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 temporal timespan or even to 

obtain a solution at all. In response to this problem, different approximation methods , also called 

heuristics, have been developed. Heuristics allow obtaining a near-mnrgksk mp §emmb clmsefµ

solution to complex problems within muc h stringent temporal limits.  The better-known methods 

include decomposition, constructive, and local search approaches (Martí and Reinelt 2011, p.19).  

Decomposition methods dissect the larger problem into smaller sub-problems, 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 methods start by assembling an empty framework of a solution and explore the search 

space by generating different solutions alternatives and adding the best portions of the alternatives 

to the empty framework. This process occurs until the framework is complete.  

Local search approaches 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 heuri stic 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: single-state 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 choose the 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: Evolutionary 

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 computational timeframe; secondly, the solution must be near-optimal; and finally, the 

probability of providing  a deficient solution must be minimized (Martí and Reinelt 2011, p.18). 

Rule-Based Methods 

Rule-base methods compensate for uncertainties by making assumptions. This, in turn , makes the 

examination process less intricate, yet they then require robust guidelines that limit their 

applicability  (Martí and Reinelt, 2011). Rule-based methods can be classified as metaheuristic 

approaches and have excelled as machine learning techniques.  

At their core, rule-based systems are encoded with expert knowledge as §If-Thenµ rules to explore 

the search space. Rfcw _pc _jqm a_jjcb §cvncpr qwqrckqµ* _q rfcw cksj_rc bcagqgmlq r_icl `w cvncprq, 

and their implementation is limited to search spaces that can be structured following If-Then 

npglagnjcq, Bcnclbgle ml rfc lsk`cp md psjcq pcosgpcb rm amtcp _jj rfc npm`jck%q pcqrpgargmlq* rfc

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 varies widely, 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 of the 

§Dsxxw qcrµ rfcmpw* amltmjsrcb jmega_j jglesgqrga amlacnrq a_l `c kmbcjjcb k_rfck_rga_jjw, Rfcqc
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methods have been successfully used to deal with complex natural processes by building models 

based on mapping different inputs and outputs (Zadeh 1965). Fuzzy methods have also excelled 

in dealing with problems with incomplete knowledge or stochastic uncertainty.  

Overall, the application of the method requires two tasks: fuzzy modelling and fuzzy optimization. 

Fuzzy modelling breaks the problem into a series of cause-and-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 Sections in 

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 1), 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 capacity 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 decision-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 strict  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 

Section of this work.  

Adding yet another layer of complexity , the framework in which the models advanced in both 

Sections of this work must fit within the existing paradigm of DRP development  and deployment. 

Altogether the above-discussed characteristics limit the eligibility of method that can be employed 

for advancing the approaches required in both Sections of 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. Building the necessary approaches, therefore, means 
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circumventing both the intricacies of public transport user behaviour and the emergent 

uncertainties in railway operations during t he advent of a disruption. Consequently, it is 

implausible to imagine two exact approaches that take into consideration all necessary constraints 

and are able to perform within the requirements of both of the Sections of this work.  

Heuristic and metaheuristic methods deliver within their structure the flexibility necessary to shape 

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 space is particularly useful 

to this work.  

Both heuristic and metaheuristic methods have been widely  applied to arrive at solutions based on 

best approximations, which deal with real and complex problems (Festa, 2014). Not only do they 

compensate for existing uncertainties with assumptions that lessen the effort  of the assessment, 

but they are also able to attain optimal solutions at a local scale through trial and error ( Martí 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 both Sections.  

As discussed in subsection 3.2, the methodology structured to address the specific objectives of 

each Section of this work is described in detail throughout the next subtitles. 

Section 1 ­ Residual Capacity for Passenger Rerouting  

To address the specific objective of Section 1 (see subsection 3.2.1), the approach behind the 

residual capacity estimation model is discussed.  

As discussed in subsection 3.4.1, the model must be advanced within the developmental structure 

of the passenger rerouting strategies of the 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 development of 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 overall structuring of the model is guided by decomposition and constructive heuristic 

methods and assembled through a rule-based algorithm. Initially, the problem is broken down into 

sub-problems so that each smaller problem is easier to address. Each sub-problem 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, a residual capacity estimation model 

can be combined into a rule-based algorithm assisted by graph theory so that the objective of 

Section 1 can be fulfilled .  

Following the literature review in subsection 2.5, the residual capacity estimation consists of 

contrasting scheduled and utilized capacity. Therefore, considering the implementation 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 ll 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 has been discussed in detail throughout 

subsection 2.4.4. The approach to address the first 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 to 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 the n_qqclecpq%complex travel 

behaviour. Within capacity planni ng, passenger public transport demand is studied periodically to 

_bhsqr rfc qwqrck rm rfc sqcpq% lccbq, Gl rfc a_qc md rfc qrpgtcb kmbcj* rfcpc gq lcgrfcp rfc nmqqg`gjgrw

to study every single locality nor to do so on a regular basis. Therefore, the need to conduct 

additional evaluations to ascertain key determining variables to explain the demand and appraise 

the occupancy rate of vehicles can be dealt with  in different manners. Frequently, the complexity 

of the model is stepped-up to match the complexity of the modelled phenomenon. Prime examples 

of this are the O-D and passenger-flow simulation models discussed in subsection 2.5.5. However, 

these approaches are not compatible with the specific objectives of the model (i.e. a 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 

_qqsknrgmlq gl rfc kmbcj%q qrpsarspc, Rm _tmgb _ bgqnpmnmprgml_j jmqq md _aasp_aw* rfc dmpksjated 

assumptions need to be tested to corroborate their functionality and legitimacy. The testing the 

formulated assumptions requires to capture and process actual operating information  from the 

implementing field. Although processing the data and testing the assumptions may be a strenuous 

process, this only needs to be done once for the overall structure of the model to maintain limited 

complexity and immediate applicability.  

By this point, the approach has established the general operating conditions of the 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 semi-automated 

decision-support mechanism for the deployment of the DRP operating concepts to the actual 

bgqpsnrcb mncp_rgmlq, Gl rfgq qs`rgrjc* rfc bwl_kga BPN bcnjmwkclr qwqrck%q _nnpm_af gq bcpgtcb

and discussed in detail.   

Overall, the envisioned decision-support 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 disrupted situation (see subsection 2.3.3). The dynamic 

DRP deployment system is intended for delivering a train number and a minute -specific conflict-

dpcc qafcbsjc ufgjc snfmjbgle rfc lcrumpi%q _`gjgrw rm rp_lqgrgml rm qr_`jc mncp_rgmlq, As the means 

to advance tfc cltgqgmlcb qwqrck%q jmega_j qrpsarspc _lb qf_pncl grq qamnc* rfc mncp_rgml_j

qrpsarspc md rfc Ecpk_l amkksrcp p_gju_w lcrumpiq §Q-@_flµ _lb rfcgp pcqncargtc BPNq f_tc `ccl

afmqcl _q rfc qwqrck%q bctcjmnkclr_j dgcjb &qcc qs`qcargml 1,1', 
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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 scenario (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 DRP plus the geographical extend 

of the affected train services can be identified. 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 across c_af md rfc lcrumpi%q affected lines and the potentially 

significant dispatching measures that allow tackling these challenges, can be acquired. 

While the line -specific DRP operating concepts allow ascertaining 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 as they 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 qafcbsjc ufgjc qsnnmprgle rfc lcrumpi%q rp_lqgrgml rm qr_`jcoperations.  

Consequently, there are two core tasks which need to be supported in this Qcargml%q approach, 

namely, the transfer of the measures contained 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 

establish the strived conflict -free schedule while  guaranteeing rfc lcrumpi%q rp_lqgrgml rm qr_`gjgrw. 

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 fulfills this Qcargml%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.  

¶ Aligned with the current (i.e. manual) DRP deployment practices, rule-based methods can 

`c srgjgxcb dmp cqr_`jgqfgle rfc bwl_kga BPN bcnjmwkclr qwqrck, ?l §cvncpr qwqrckµ ugrf

clear rules and guided by the DRP operating concept can be able to support the 

transference of line-specific strategies to vehicle-specific dispatching measures for all the 

trains circulating in the network in correspondence to the ir  respective lines. Within the 

§cvncpr qwqrckµ a set of different If -Then rules can be established to allocate each train 

with  the dispatching measure that better fits the actual operating situation , ultimately, 

assembling the strived conflict -free schedule. 

¶ A different approach can make explicit use of existing heuristics CDCR processes. In order 

to support the fulfillment of the two tasks foreseen within this  Section, the CDCR process 

would need to be implemented across line-specific and vehicle-specific 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 alternatives 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 
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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 a convoluted 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 If-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 support all 

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 the need to secure an effective and efficient system.  

While each of the above-discussed approaches brings 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 presented in this  Section relies on the existing heuristics coupled rule-based 

methods, which are extended from the existing DRP implementing practices (see subsection 2.3.3). 

Overall, the resulting approach seeks to enhance the effectiveness and efficiency of the resulting 

system as it differentiates between line-specific and vehicle-specific 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 on two operational levels, the resulting 

approach would differentiate  between line-specific and vehicle-specific conflicts, which would 

simultaneously introduce two specific needs. On the one hand, different  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, once different conflict resolution alternatives have been established at the line-specific level, 

these must be applied at the vehicle-specific level.  

Initially, at the line -specific operational level, disruption -induced conflicts affecting entire lines, 

which may only be identified  by means of the implementation of an DRP operating concept are 

identified as line-specific conflicts. The identified  conflicts can be adeptly classified and sorted as 

in existing CDCR approaches (see subsection 2.2.3), 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, these may be transferred at the vehicle-specific level. A 

vehicle-specific CDCR approach can 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 conflict-free schedules. Ultimately, an evaluation function targeted 

at establishing the best 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 following 

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 system can be 

implemented. At the outset, the chosen DRP operating concept should be set-up, as discussed in 

subsection 2.3.3. The DRP operating concept and its set-up 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 (see subsection 2.3.3), line-specific conflicts are directly 

related to the chosen DRP operating concept and the operating 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 that can be implemented as part of a DRP operating concept (see 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 ascertained in correspondence to the disrupted operating situation of a line and due to the 

af_lecq dmpcq_u gl rfc jglc%q mncp_rgle npmep_k glrpmbsacb `w rfc BPN mncp_rgle amlacnr, ?q _

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 concept of 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 identified potential conflict solutions can be 

appointed to the trains servicing a given line from a bundle of predefined elemental conflict 

solution alternatives, as foreseen 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 _`gjgrw rm pc_af bgddcpclr gldp_qrpsctural elements, expanding the search of different 

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:  

¶ potential conflict solutions alternatives to address conflicts at the line-specific level (i.e. 

dispatching measures), 

¶ infrastructural elem ents that support in the process of solving the line-specific conflicts, 

¶ potential transition train services to adjust the circulation plans.  

Every single one of the solution alternatives developed for a train would have a different influence 

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 different solutions 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 solution 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 subsection 3.5.1), which allows the 

systematic combination of the handling alternatives and the establishment of conflict resolution 

alternatives that encompass all three basic components that 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 line-specific conflict resolution alternatives should be developed by an 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 be developed 

under consideration of the two disruption -management problems being addressed by the dynamic 

DRP deployment system, namely, the adjustment of the schedule and circulation plans.  

A series of PVSCS can be generated for a train by 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 its actual location in the network. Like 

this, each PVSCS would contain the fundamental spatiotemporal information and a set of 

transition train septgacq rm qsnnmpr rfc qwqrck%q a_n_`gjgrw rm _bhsqr `mrf rfc qafcbsjc _lb

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 subsection 

3.4.2.). Ultimately, all PVSCS developed for a train can be stored in a set of PVSCS.  

So that the quality of the resulting conflict -free schedule can be reinforced, the widest range 

possible of relevant PVSCS for every single train in the network is  to be developed. However, in 

order to ensure the effectiveness and efficiency of the system as discussed in the requirements (see 

subsection 3.4.2), the complexity during the development of each PVSCS is 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_af rp_gl%q PVSCS. This 

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 PVSCS may be addressed in later steps. The two-step 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 as foreseen by the two-step heuristic, during their development, complex spatiotemporal 

_bhsqrkclrq rm c_af md rfc rp_glq% mpgegl_j qafcbsjc rm qsnnmpr rfcgp kmtckclr rfpmsef rfc lcrumpi

can also be avoided. Therefore, an approach similar to the right-shift rescheduling heuristic 

introduced in Acuña-Agost (2009) can be implemented. The right-shift rescheduling heuristic is 

`_qcb ml rfc srgjgx_rgml md _ rp_gl%q mpgegl_j qafcbsjc &g,c, hmsplcw rgkcq* nj_rdmpk rp_aiq gl qr_rgmlq*

etc.) to derive an initial solu tion by following the assumption that the best possible solutions will 
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`c ajmqc rm rfc mpgegl_j qafcbsjc &qcc qs`qcargml 0,1,/', Amlajsqgtcjw* _q d_p _q nmqqg`jc* rfc rp_gl%q

original schedule can be utilized as a baseline to derive the spatiotemporal information of the train 

during the development of each of its PVSCS. 

As a result, the complexity during the development of each PVSCS may be curbed by merging two 

approaches. First, the two-step heuristic, which foresees to develop each PVSCS by considering an 

empty network. Second, the right-shift rescheduling heuristic, which foresees to utilize as far as 

nmqqg`jc rfc qn_rgmrcknmp_j gldmpk_rgml md ctcpw rp_gl%q mpgegl_j qafcbsjc rm bctcjmn grq NTQAQ. 

ii)  Vehicle-Specific Level 

The vehicle-specific level counts with the set of PVSCS for every train generated at the line-specific 

level as a collection of conflict resolution alternatives. The PVSCS for every train ought to be 

selected, combined, and sjrgk_rcjw* §dgvcbµsystematically to generate the candidate conflict-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 one 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 line-specific conflicts. Since the individual PVSCS have been 

developed considering an empty network, the resulting PVSCS combinations must be subsequently 

fixed by means of an automatic vehicle-specific CDCR process (see subsection 2.2.3). The fixing of 

a PVSCS combinations entails resolving all vehicle-specific 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 vehicle-specific CDCR process should 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 conflict-free 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 vehicle-specific CDCR process relies on a systematic handling of conflicts 

based on a predefined 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 alternat ives can be combined to generate a respective set of conflict 

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), an evaluation function 

would permit to ascertain the best possible solution alternative and in due course, fix  the generated 

PVSCS combinations. To further reinforce the  quality of the CDCR process, _ ^jmmi-_fc_b% npmncprw

must be included in its structure , as discussed in exiting models in subsection 2.2.3. The look-

ahead property would enhance the quality of the solutions and further support the automatic fixing 

process of the PVSCS combination at every step of the CDCR process.  

Moreover, as discussed in subsection 2.2.3, the systematic handling of trains end their respective 

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), the handling of trains in the dynamic 

DRP deployment system or any occurring conflicts is to be handled synchronously.  
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Since every assembled PVSCS combination has the potential of establishing a resulting conflict-

free schedule, the fitness of every fixed PVSCS combination must be ascertained. The fitness should 

be established through an evaluation function, which may or may not be aligned with the one 

utilized with the CDCR process. The fitness of every assembled PVSCS combinations may also be 

utilized to further guide the development of new PVSCS combinations, 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 easily added, removed or compared with 

one another. The normalization of each of the determining variables entails that each of them has 

its evaluating structure established from the same point 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 performed independently 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 fitness of the fixed PVSCS 

combinations.  

Due to the automatic nature of the CDCR processes, it is possible that the 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 address any of the handled conflict types 

at an individual  step of the systematic CDCR process, and once all the trains have been handled, 

and the schedule is conflict-free (i.e. fixed),  they become operationally 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 unnecessary as 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 

§unnecessaryµ (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 re levance 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 the CDCR process at the vehicle-specific level, it 

would make the fixing process of the PVSCS combinations more complex. As detailed by Chiang 

et al. (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 measures should be conducted 

once the PVSCS combinations have 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 system is able to derive the strived solution 

(i.e. train number and minute -specific conflict-free schedule). For this purpose, the approach that 

may be chosen to generate the PVSCS combinations and the speed with which the assembled 

PVSCS combinations can be fixed (i.e. made conflict-free) would influence the amount of handling 

alternatives that can be assessed for each of the trains in the system. Therefore, to 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 selected. Additionally, 
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the CDCR process should be able to fix the assembled PVSCS combinations (i.e. make the PVSCS 

combinations conflict-free) in the fastest way possible. In this regard, i t is anticipated that the 

above-discussed difficulties  can be partly addressed by incorporating in the system the simplicity 

and built -in modelling precision of the enhanced macroscopic modelling 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 the Sections throughout subsection 3.5.2, the overall 

structure of each of their approaches is derived and discussed in the following subtitles. Within 

each of the subtitles, a detailed account of the overall structure of the resulting approach for each 

md rfgq umpi%qSections is provided.  

Section 1 ­ Residual Capacity for Passenger Rerouting  

The first Section 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 mtcp_ll approach 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 

assumptions 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 with actual 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 along with  the approach discussed in subsection 3.5.2. 

Section 2 ­ Dynamic Deployment of Disruption Programs  

Abiding by the second Qcargml%qmethodology, the dynamic DRP deployment system is constituted 

by specific processes distributed across two operational levels.  

C_af md rfc npmacqqcq bcr_gjcb gl rfc bwl_kga BPN bcnjmwkclr qwqrck%q kcrfmbmjmew gq rm `c

arranged into a module, thus, deriving a modular structure. Structuring the systems into a modular 

structure would  render the approach to be purposefully adaptable to different railway traffic types 

(e.g. regional traffic), easier to upgrade and permits the modules to be implemented independently 

for different purposes.  

As a result, the qwqrck%q mtcp_jj _nnpm_af gq amlqrgrsrcb `w lglc kmbsjcq rf_r _pc qrpsarspcb _q

depicted in figure 3.1. However, it is likely that further technical and situational heuristics need to 

be introduced along each of the operational levels in order to fulfil l specific tasks. 
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Figure 3.1 Structure of the dynamic DRP deployment system (by author) 

Rfc dgpqr rum kmbsjcq _pc amllcarcb ugrf `mrf md rfc qwqrck%q mncp_rgml_j jctcjq, Kmbsjc / amjjcarq

and manages the require 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 line-specific operational level 

of the system. The three modules embody the first step in the two-step repairing heuristic approach 

discussed in subsection 3.5.2. The first module, namely, module 3, entails the set-up 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 across all disrupted railway lines. This 

allows establishing potential  dispatching measures alternatives that can be appointed to each of 

the jglc%qtrains an address the identified conflicts. Based on the most suitable dispatching 

measures attained in module 4 , module 5 generates a set of operational and technical feasible 

PVSCS for every train. At this stage, the PVSCS alternatives are developed considering an empty 

network; thus, they do not consider the interactions between different trains.  

Thereafter, a series of three nested modules are in charge of combining, fixing and assessing the 

already developed PVSCS for every train, while keeping track of rfc qwqrck%q a_n_`gjgrw rm

transition to stable operations. The three nested modules are complemented by one last module 

in charge of adjusting and selecting the best conflict-free schedules. As a result, the four modules 

constitute the vehicle-specific operational level of the system and the second step in the two-step 

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 of selecting specific elements from c_af rp_gl%q set of PVSCS, and 

by means of a combinatorial metaheuristic, it assembles the selected PVSCS into combinations. 
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Module 7 fixes every assembled PVSCS combination to secure they are conflict-free. The assembled 

PVSCS combinations 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 assessing the conflict resolution alternatives generated in 

module 7 and glajsbcq _ ^look-ahead% npmncprw* ufgaf r_icq glrm _aamslr dmjjmu-up conflicts. The 

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. conflict-free 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 schedules delivered by module 6, module 9 is in 

charge of adjusting schedules, and ultimately, selcargle rfc qwqrck%q npmnmqcb qmjsrgml, 

Each of the nine modules depicted in figure 3.1 is 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 

address the specific disruption. Furthermore, an infrastructure model of the investigated railway 

lcrumpi rf_r gq _jgelcb ugrf rfc qwqrck%q pcosgpckclrq _lb jgkgr_rgmlq, Dsprfcpkmpc* _ars_j

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 3.6.2.  

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 established to address the three vehicle-specific 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 Set-up 

The DRP set-up module, as its names suggest, focuses on the set-up of the chosen DRP that better 

fits the disrupted situation. ?q gr f_q `ccl bgqasqqcb gl rfc qwqrck%q jgkgr_rgmlq &qcc qs`qcargml

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 chosen, its operating concept is set-up following the approach 

detailed in subsection 2.3.3. As such, the DRP set-up consolidates a linkage between the actual 

operational circumstances throughout the disrupted network and the line -specific DRP operating 

concept of every lcrumpi%qaffected line. Nonetheless, since the module is based on an existing 

DRP set-up, 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 set-up 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 

stages of 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 established potential conflict solution alternatives corresponding to address the rp_gl%q jglc-

specific conflicts and utilizing  a right -shift rescheduling approach it develops multiple PVSCS for 

the train. Before they are introduced in the rp_gl%qPVSCS set, the developed PVSCS are assessed 

to corroborate their technical and operational feasibility . 

Different PVSCS for a train are developed through a systematic 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 PVSCS for a given train. The resulting PVSCS constitutes a conflict resolution 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 as in Brauner (2019). As a result, only the most relevant PVSCS 

are introduced in the resulting PVSCS set of a train. 

Assembly the PVSCS Combinations 

Incorporating the PVSCS sets for all trains established in the previous module, the PVSCS 

combination assembly 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 managing 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 supported, namely, establish a conflict-free schedule and transition 

of the network to stable operations.  

Vehicle-Specific CDCR Process 

The fixing of PVSCS combinations is conducted with an automatic CDCR process, similar to the 

one advanced in Oetting et al. (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 supports thc pcosgpcb §jmmi-_fc_bµ a_n_`gjgrw md rfc qwqrck _lb

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.  

Assessment of the Conflict Resolution Alternatives and the Fixed (i.e. Conflict-Free) PVSCS 

Combinations 

The assessment module incorporates the conflict resolution alternatives generated in the previous 

module and evaluates the alternatives utilizing 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 conflict-free (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 Conflict-free Schedule 

Once the termination criteria in the exploration engine (i.e. PVSCS development module) has been 

fulfilled, the resulting set of candidate conflict -free schedules is communicated to the adjustment 

and selection module.  

The adjustment and selection module is in charge of adjusting the conflict-free 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 

selecting the conflict-dpcc qafcbsjc rf_r `crrcp dgrq ugrf rfc qwqrck%q pcosgpckclrq _lb rfgqQcargml%q 

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 Sections of this work. The definitions are introduced so as to support 

the lack of appropriate terminology within  available literature and to refer to any new frameworks 

contributed throughout this work.   

3.6.1. Section 1 í 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 measuring 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 subsection 2.4.4, 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 be categorized in different time windows,  as peak or off-peak 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 §F_snrtcpicfpqxcgrµ &FTX'* §Lmpk_jtcpicfpqxcgrµ &LTX' _lb §Qafu_aftcpicfpqxcgrµ

(SVZ) (see Schnieder 2015).  

The HVZ denotes the time on weekdays with the strongest transport demand in a specific network 

(e.g. public transport network). The HVZ is also referred to as the peak-hour 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 peak-hours. 

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 capacity refers to the planned passenger transporting capability of a public transport 

line, which results essentially from the frequency and the overall size (i.e. passenger 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 be adjusted 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 the existing 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 

_lb srgjgxcb a_n_agrgcq gq glfcpclrjw bcnclbclr ml rfc n_p_kcrcpq gldjsclagle n_qqclecp%q rp_tcj

behaviour and the scheduling of public transport services.  

3.6.2. Section 2 í  Dynamic Deployment of  Disruption Pro grams 

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 discussed 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, in the case of a mesoscopic infrastructure model, the term may refer to 

platform track and or switching zones within nodes or tracks represented by a link connecting 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 ( Acuña-Agost 2010). Each of the lines that constitute the network is 

planned in such a way that it seeks to minimiz e operating costs while  maximizing the overall share 

of passengers with direct connections (Acuña-Agost 2010).  

Trunk Line  

Rfc rpsli jglc* gl Ecpk_l* pcdcppcb rm _q §Stammstreckeµ* gq _ qcargml md rfc lcrumpi ufcpc kmqr*

if not all lines, share a portion of the track (Oetting and Chu 2013). Due to the overlapping of 

pmsrcq md bgddcpclr jglcq* rfc rpsli jglc gq af_p_arcpgxcb _q rfc lcrumpi%q qcargml ugrf rfc kglgksk

service intervals. The trunk line is of particular relevance, as it is the most travelled section of the 

network; thus, a bottleneck prone to the occurrence of disruptions. Oetting and Chu explain: §Y·[ 

trunk lines form the bottlenecks of the systems as the entire network is subject to delays if there is a 

bgqpsnrgml gl rfgq qcargml,µ (2013, p.8).  

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 _lb gl qmkc a_qcq* mrfcp cqqclrg_j qcargmlq, 

Figure 3.2 provides an actual example, depicting the core area of the S-Bahn 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 

3.2' _lb rfc hslargml §Qafj_afrfmdµ &g,c, DQFD ­ see Figure 3.2).  

 

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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End/Beginning 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:  §A service trip (commonly known as train) is operated 

on a line, where a line is specified by a start and an end station and a number of intermediate stops.µ

(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 subsequent train service. The drive between end and beginning stations is performed 

with an empty train and referred to as a dead-headed trip (Wagenaar et al. 2017). 

Line Cycle Variants 

Rfc jglc awajc t_pg_lrq pcdcp rm rfc qn_rg_j t_pg_rgmlq gl _ jglc%q pmsrc `etween successive train 

qcptgacq &qcc qs`qcargml 0,0,/', Rfc qn_rg_j t_pg_rgmlq gl _ jglc%q pmsrc clr_gj rfc glrpmbsargml*

pckmt_j mp qs`qrgrsrgml md mlc mp kmpc qr_rgmlq qcptgacb `w rfc jglc%q qafcbsjcb rp_gl qcptgacq*

which may or may not involve end/beg inning stations (Cao 2017). In due course, the variations 

gl rfc jglc%q pmsrc _ddcar rfc amknsr_rgml md rfc tcfgajc awajc rgkcq &qcc qs`qcargml 0,0,/',  

Turning Station 

? rsplgle qr_rgml pcdcpq rm _ qr_rgml gl ufgaf rfc af_lec md _ rp_gl%q bpgtgle bgpcargmn (i.e. turning) 

is technically feasible. The technical feasibility denotes the availability of the necessary 

gldp_qrpsarsp_j cjckclrq gl rfc qr_rgml &c,e, qugrafcq* qgel_jq* nj_rdmpk rp_aiq' rm qsnnmpr _ rp_gl%q

ability to change its driving direction. En d 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 introduced in the work of Chu et al. (2012) and refers to 

a station in which the DRP operating concept foresees the systematic turning of trains during the 

disruption . DRP turning stations are appointed line-specific, the closest possible to the disrupted 

section to uphold as much of a jglc%q pcesj_p qcptgac _q mncp_rgml_jjw nmqqg`jc &Afs 0./2', 

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 be appointed to stations 

that _pc glgrg_jjw glajsbcb gl rfc jglc%q mpgegl_j pmsrc, Gda DRP rsplgle qr_rgml gq msrqgbc md rfc jglc%q

original route, the strategy is recognized as a: deviation with replacement (see table 2.4). 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 disrupted section. The LtfTS provides trains 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 disruption (Oetting and Chu 2013). 

A LtfTS may also be recognized as a DRP turning station by the chosen DRP operating concept. 

Additionally, during a disruption that generated a complete blockage of a section, dividing the 

network into two different sides, the L tfTS 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 lines and are scheduled to 

drive past the disrupted section during 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 bpgtgle n_rf _lb lmr _ qgknjc af_lec gl grq pmsrc* _q gr uould be, for 

cv_knjc* rfc rp_gl%q pcpmsrgle rfpmsef _ egtcl lmbc, Bctg_rgml nmglrqare also appointed in the 

DRP operating concept, as detailed in table 2.4.  

Relative-Time Measuring Points  

?q bgqasqqcb gl qs`qcargml 0,0,1* bspgle mncp_rgmlq* _ rp_gl%q pclative-time is projected and 

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_lm &0..6'* pcjct_lr kc_qspgle nmglts may be, for example, the last block section before 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 Locations 

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* rfcqc jma_rgmlq f_tc _ jgkgr _q cvnj_glcb `w Jsq`w cr _j,8 §Y·[parking space is limited. 

This means that only a certain total length of units can stay parked in depots at any point in time.µ

(2017, p.233).  

In the case of passenger trains, 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; SVZ) 

Refer to: Temporal Categories, detailed in subsection 3.6.1. 
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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 been declared (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.: §?l cqqclrg_j ngcac md

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 

rfpcqfmjb rfcl rfcw kgefr bcagbc lmr rm gknjckclr k_hmp af_lecq rm rfc rgkcr_`jc,µ (2018, p.103).  

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, namely, 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 necessary for the respective transitions.  

¶ 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 

slbcpqampcq rfc pmjc md _ rp_gl%q jclerf _lb rfc _t_gj_`gjity of one or two drivers. The 

recommended minimum turning times provided in Chu (2014) are for long trains and 

equate to 2 minutes for two drivers.  

¶ 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.  

¶ 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 deployment system, a benchmark value at the upper limit of 4 

minutes, as the minimum communication time, is recommended. 

Minimum Communication Time to 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 been taken. Since the information must be 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 to assume 6 minutes as the minimum 

benchmark value for the communication time to passengers.  

Minimum Platform Exchange Time for Passengers 

During the adjustment of the schedule, it might be necessary to change the platform track of 

multiple trains, aspect which has an 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 exchange the 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 services. 

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 taken into  consideration. Brauner explains: §The occupancy times of the tracks where this 

measure is pursuit consist of preparation times for the continuation of the run with and without 

changing the direction. They include, among other things, a complete alighting of passengers and an 

additional train inspection.µ (2019, p.24).  

Brauner (2019) details three specific times to be considered for the emptying process. Initially, 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 c 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 in rfc rp_gl%qdriving direction 
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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). 

Relative-Time 

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 

qncagdga dmp ctcpw kc_qspgle nmglr _jmle _ rp_gl%q pmsrc rf_r gq qrgjj rm `c rp_tclled. 

Projected Arrival/Departure/ 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_qspgle nmglrq _lb m`qcptgle rfc rp_gl%q bpgtgle bwl_kgaq(DB Netz-420 2017). 

Furthermore, for the calculation of the projected arrival, departure, or drive-through times, any 

dispatching measures being implemented must also be considered (DB Netz RIL-420 2017).  

Projected Relative-time Change 

The projected relative-time of a train 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%q pmsrc qrgjj rm `c rp_tclled (DB Netz RIL-420 2017). The projected relative-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).  

Expected Relative-time Change 

The expected relative-time change mpgegl_rcq dpmk rfc bgddcpclac `cruccl _ rp_gl%s projected 

relative-time before the implementation of a dispatching measure (i.e. conflict resolution ) and the 

projected relative-time after the implementation of the dispatching measure. The outcome may be 

_ pcbsargml mp glapc_qc gl rfc rp_gl%q mtcp_jj belay.  

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 punctual (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 implemented.   

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 negative turn appointed to a train at the LtfTS. 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.  

 

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 LtfTS. In the example, train 

service S35535 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.  

 

Figure 3.4 Example of a positive turn (by author) 
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Unnecessary Waiting 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 from 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 

accounting 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 

Rfc awajc rgkc pcdcpq rm8 §the total time between two successive departures of the same train at the 

same station in the same directionµ, as displayed in figure 2.2 (Hansen and Pachl, 2014, p. 43).  

Service Interval  

As part of a cyclic schedule, it is possible to recognize for a given line operating in the railway 

lcrumpi _ §fixed scheduled time interval between trainsµ &F_lqcl _lb N_afj* 0./2* n, 21', Rfc dgvcb

interval embodies the temporal timespan between the arrival at the same station of two successive 

train services of the same line and with  the same driving direction.  

Il rfc amlrcvr md rfgq umpi* rfc §fixed scheduled time interval between trainsµ gq pcdcppcb rm _q rfc8

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 

Rfc qcptgac glrcpt_j pcgldmpackclr pcdcpq rm _bbgrgml_j rp_gl qcptgacq rf_r _pc glajsbcb gl _ jglc%q

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 peak-hours (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:  

¶ beginning and end stations (i.e. origin-destination pair),  

¶ routes and stopping patterns, 

¶ configuration characteristics and dynamic behaviour of the model train, vehicle, or vehicle 

composition to be appointed (e.g. train length, acceleration and deceleration patterns, 

ect.), 

¶ exact blocking times, arrival, departure, and drive-through times across the route, 
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¶ 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 2014). 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-gl `sddcp rgkcq rm _tmgb bcj_w npmn_e_rgml &B%?pg_lm 0..6, Hansen and Pachl 

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 with the occurrence of 

significant delays, or rfc `jmaigle _l clrgpc qcargml &B%?pg_lm 0..6',Thus, the adjustment of the 

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 information regarding 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 be in line  with the planned operations (Nielsen et al. 2012). Thus, if there are 

any adjustments performed in the schedule or changes in the number of 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 series of train services (Acuña-Agost 2010). The train services service the route 

along the line with a given frequency or a pre-established service interval (Acuña-Agost 2010).  

Corresponding Lines 

Corresponding lines refer to lines that can exchange vehicles or vehicle 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 example of the layout of different corresponding 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 that 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).  

Operat ional 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 as a: train.  

The order of each vehicle in the composition may or may not be considered to be important for 

the management of the operations. For example, restricting the order of vehicles in 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).  

Vehicles with 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_lw* _ tcfgajc a_l `c glrpmbsacb gl rfc lcrumpi gd gr f_q _l §_aacnr_lacµ _q ncp ?prgajc 10

md rfc §Eisenbahn-Bau- und Betriebsordnungµ &B@ Lcrx 0./7', Fmuctcp* dmp rfc qncagdga srgjgx_rgml

of accepted vehicles, the technical conditions established by the German infrastructure manager 

must be fulfilled (DB Netz 2019). T fc rcaflga_j amlbgrgmlq _pc bcr_gjcb gl rfc §Technische 

Netzzugangsbedingungenµ* ufgaf npmtgbc _ bcr_gjcb bcqapgnrgml md rfcunderlying  technical 

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 transport 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.  Therefore, depending 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 

accommodate 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 et al. explain: §Fcpc _ bsrw gq rfc umpijm_b

of a single train unit on a single day. It is a chain of tasks where a task is characterized by a trip and 

`w rfc nmqgrgml md rfc rp_gl slgr gl rfc rp_gl amknmqgrgml md rfgq rpgn Y·[µ (2010, p.283). A vehicle is 

said to have finalized its duties once there are no more train 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 at the station rm qsnnmpr rfc dmjjmugle b_w%q agpasj_rgml nj_l, Gl mrfcp a_qcq*

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 end-of-day vehicle 

inventory and the planned end-of-day vehicle inventory &c,e, lcvr b_w%q agpasj_rgmlplan) at  a 

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 an end-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 cancelled 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 (Acuña-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 

lsk`cpq _pc amknjckclrcb ugrf _``pctg_rgmlq rm gbclrgdw rfc rwnc md rp_gl qcptgac &c,e, §Q-/0123µ

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 services. 

Alternative train services are generated to address additional operational complications that might 

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 establishment of model trains has been discussed in subsection 2.2.1, where 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 their line -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 

qr_`gjgrw gq pce_pbcb _q rfc §af_mrgaµ nf_qc &qcc dgespc 0,3', 

Train Conflicts ­ Vehicle-Specific  

Occupancy Conflicts 

Overall, occupancy conflicts take place if a train is not able to temporally or spatially f ollow 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 1995). Infrastructure 

availability conflicts may occur during pla nning and real-time operations. 

During the planning phase, schedules need to abide 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 construction 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 scheduled departure of 

the train after the transition, is less than the minimum transition time required for the foreseen 

transition type (Bär 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 (Borndörfer et al. 2009). For example, due to unresolved end-

of-day imbalances. 

Connection Conflicts 

A connection conflict takes place when passengers in a delayed 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 

pcnpcqclr _ npmhcargml mp _ ^jmmi-_fc_b% ml rfc mncp_rgle qgrs_rgml after the actual or prospective 

implementation of a dispatching measure, or conflict resolution alternative in a CDCR process 

&B%?pg_lm 0..6', 

Conflict Classification 

Conflict classification refers to the categorization of conflicts into groups by recognizing specific 

characteristics. The classification 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 classification scheme. 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) establishes an operational classification framework, which 

is able to distinguish between seven different operating situations. 

The above-described 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 characteristics, 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 approach to 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 conflict rfpmsef rfc sqc md _ §npm`_`jcµ amldjgar pcqmjsrgml. The 

§npm`_`jcµ amldjgar pcqmjsrgml ksqr `c qcjccted from a set of alternatives that is representative 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. The contemplated 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 RIL-615 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 qwqrck%q mtcp_jj _nnpm_af &qcc qs`qcargml 1,3,0' f_q lmr `ccl dsjjw amlqgbcpcb, Rfcpcdmpc*

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). 

Exchange Train Between Lines 

The measure contemplates exchanging a train between lines of the same network. This implies 

that both the schedule and the circulation plans assigned to the vehicle or vehicle composition of 

the said train are exchanged to 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 instances in which the 

cvaf_lecq a_l mljw `c amlbsarcb `cruccl rp_glq md amppcqnmlbgle jglcq mp §rp_gl epmsnqµ

(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 a trail qcptgac%q qafcbsjcand circulation 

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).  

Remove Train 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 (2019). 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. 

Transferring 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 surpass the disrupted section and has 

been used as a central measure in Veelenturf et al. (2016) and listed as an available option for the 
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development of DRPs (Chu et al. 2012, Brauner 2019) and detailed in the guideline 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 as Haahr 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.  

Ml rfc mrfcp f_lb* rfc a_lacjjgle md _ rp_gl qcptgac%q qrmn _r _ n_prgasj_p qr_rgml k_w jc_b rm _l

overcrowding of passengers on the platform. 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 and changes 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 LtfTS, 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 et al. 2012, Brauner 2019) and detailed in guidelines (e.g. 

DB Regio RIL-615 2014).  Consequently, it constitutes one of the central measures available to 

dispatchers during disruptions.  

Shift a Train in Time 

By implementing this measure trains are shifted in time so as to make their movement across the 

network compatible with: mrfcp rp_glq* rfc qwqrck%q mncp_rgml_j amlqrp_glrq* _lb mp rfcgp mul
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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 strategies that foresee the shifting of trains in time, as explained 

in Oetting et al. (2013).  

Tfc rcpk §`clbµ pcdcpq rm rfc _bhustment of the speed of a train. According to Oetting et al. (2013), 

there are two different kinds of train bending. A positive bend, whic f clr_gjq _l glapc_qc md _ rp_gl%q

hmsplcw rgkc ugrfgl _ nmprgml md grq pmsrc, ? lce_rgtc `clb* ufgaf clr_gjq _ pcbsargml md _ rp_gl%q

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 srgjgxcb dmp bc_jgle ugrf bgqrsp`cb qgrs_rgmlq gl8 H_am`q 0..2* B%?pg_lm

2008, Pellegrini et al. 2014, among others. A similar measure has also been utilized to reduce the 

stopping time at a station, as explained in (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 _ rp_gl%q scheduled route throughout particular nodes and/or 

links. The measure also 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 either moving 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 have also been called dead-heading trips (see Waagenar et al. 2017).  

Transfer of Passengerq% Waiting Time  

As regular connection conflicts are not characteristic for commuter railway networks (see 

qs`qcargml 1,1,0'* n_qqclecpq% ucjd_pc ksqr `c bgpcarjw _bbpcqqcb, Rfc kc_qspc gq sqcb rm qfgdr rfc
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n_qqclecpq% u_grgle rgkc _ra specific station between a cancelled train service and a subsequent 

rp_gl qcptgac, Rfc kc_qspc qsnnmprq rfc qwqrck%q _`gjgrw rm _aamslr _lb rp_ai rfc jm_b, which is 

qfgdrcb rm n_qqclecpq% ucjd_pc bspgle rfc bgqpsnrgml-management. Ultimately, since the measure is 

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 Sections of 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 1 í 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 of the 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 2 í 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 must distinguish between two different sides. However, the network 

may be _qqskcb rm `c §n_prg_jjwµ gqmj_rcb* _q gr gq jgicjw rf_r rfcpc _pc nmrclrg_j bctg_rgml n_rfq

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 



 

Page 116 

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).  

 

Figure 3.6 Example of two different critical areas and a complete (A) as well as a partial blockage (B) (by author) 

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 discussed by 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 of the 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 every 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 context-specific needs. 

However, regardless of the type of disruption, whether complete or partial, the critical area must 

include at least all LtfTS. As the standard approach for the dynamic DRP deployment system, it is 

recommended that the critical area extends itself to cover two technically feasible turning stations 

before the disrupted section (including the LtfTS) , as in figure 3.6-A.  

DRP Relevant Infrastructural Elements -- 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 first-order infrastructural  elements.   

Second-order Infrastructural Elements  

The second-order 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. Second-order 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 to any railway facility in which a train can 

be shut down, 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 such lines (e.g. at or around end stations). Furthermore, considering the 

existence of the DRP operating concepts, these may detail typical 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 ) alole rfc jglc%q pmsrcfrom both driving directions 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. Unconventional parking locations are explored if there 

are no available parking positions in the conventional parking locations of a line. Unconventional 

parking locations include:  

¶ n_pigle jma_rgmlq rf_r _pc lmr gkkcbg_rcjw _aacqqg`jc _jmle _ jglc%q pmsrc, thus, require to 

deviate the train away from its scheduled route,  

¶ parking locations outside of the commuter railway network ,  

¶ and potentially available (i.e. highly dependent on the time of day)  platform tracks 

throughout the different stations along a jglc%q pmsrc, 

Temporal Definitions  

System Deployment Time  

Rfc qwqrck%q bcnjmwkclr rgkc pcdcpq rm rfc qncagdga rgkc gl rfc bgqn_rafgle qwqrck gl ufgaf rfc

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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Supplement Transition 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 2.3.3). 

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 be instrumental 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 departure time of the transition 

train service (i.e. in the opposite direction) minus the additi on of the projected arrival time of the 

rp_gl rm rfc rsplgle qr_rgml* rfc rp_gl%q mpgegl_j bcj_w* _lb rfc kglgksk rsplgle rgkc, 

 

Figure 3.7 Example of positive and negative turn residuals (by author) 

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 end-of-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 _ jglc%q dgpqr rp_gl qcptgac dpmk grq

beginning station. 

N_qqclecpq% Waiting Time 

Rfc n_qqclecpq% u_grgle rgkc gq rfc _bbgrgml_j rgkc n_qqclecpqmust wait at a station due to the 

a_lacjj_rgml md _ rp_gl qcptgac, Rfc n_qqclecpq% u_grgle rgkc gqconstituted by the timespan between 

the scheduled departure time of the cancelled and a subsequent train service. A subsequent train 

service entails a train service projected to arrive at the affected station after the scheduled 

departure time of the cancelled train service and that 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 Vehicle-Specific Conflict Solutions 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 compositions (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 each train in the disrupted network.  

Each PVSCS contains the necessary information to support the adjustment of the schedule and 

circulation plan . Therefore, a PVSCS is developed by selecting one or more line-specific elemental 

conflict solution alternatives and implement them at a vehicle-specific level. The chosen 

alternatives permit to establish the spatiotemporal information outlin ing a rp_gl%q kmtckclr

throughout the network . The spatial information establishes one specific route through the 

infrastructure and complements this information with the temporal information, namely, the 

respective journey, 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 contains an 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 is the interaction with other trains. PVSCS are 

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 developed to explore the broadest range of possible alternatives. Thus, 

all generated PVSCS for a train are stored in a PVSCS set for the respective train.  

Operational and Technically Feasible PVSCS 

The dynamic DRP deployment system intends to endeavour the exploration 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 PVSCS is said to be technically feasible if 

the characteristics of the model train are compatible with the infrastructural  requirements along 

its route. A PVSCS is 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 or any 

induced delay must be reduced (until it is eliminated) when the train transitions between train 

services.  

PVSCS Combination 

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 potentially 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 vehicle-specific CDCR process until they are conflict -free (see 

subsection 3.5.2).  

Adjustment of a Conflict-free Schedule 

The adjustment of a conflict-free schedule refers to the identification and removal of all 

unnecessary measures introduced during the automatic CDCR process at the vehicle-specific level 

and which no longer play a relevant operational role in the conflict -free schedule. The adjustment 

is based on the approach introduced in Chiang et al. (1998) and further expanded to include the 

handling of as many measures as possible.  

Operational Levels  

Line-Specific Conflicts 

Line-specific conflicts refer to the operating challenges affecting a whole line. The challenges have 

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 any of 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) allow identifying  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 a surplus 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 side (if necessary), 

vehicle availability conflicts are established for every line in view of the already tested measures 

(see subsection 2.3.3). The lack or surplus of vehicles is the result of contrasting the number of 

trains required to service the DRP operating concept and the number of vehicles available across 

each one of the lines per 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 that are not able to 

service their originally planned route either due to a complete blockage, rfcgp jglc%q BPN mncp_ring 

concept, or a dispatching decision (i.e. failing to reach all its scheduled stations).   

As a result, the system is in the need to identify  reachability conflicts as the concrete means to 

handle the portions of the route which have been left unserved. 

Vehicle-Specific Conflicts 

In the context of the dynamic DRP deployment system, vehicle-specific 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 vehicle-specific conflicts since they are handled during the fixing process of PVSCS 

combinations (i.e. vehicle-specific operational level) (see subsection 3.5.2). 

On the other hand, silac n_pr md rfc qwqrck%q pcosgpckclrq gq rm apc_rc _ dp_kcumpi rm pcnj_ac rfc

expected lack of planned connections between train services, a new vehicle-specific conflict is 

introduced instead. Service conflicts are established in the system to support the monitoring and 

_aamslrgle md n_qqclecpq% ucjd_pc, 

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 interval allowed 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 on a train service that 

fails to reach one or more stations in its schedule. Service conflicts are advanced as part of the 

bwl_kga BPN bcnjmwkclr qwqrck* _q rfc kc_lq rm r_ic glrm amlqgbcp_rgml n_qqclecpq% ucjd_pc*

upholding the service quality of the overall disrupted network.  

There are two potential approaches that can be utilized to handle service conflicts. Service conflicts 

can be handled 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 

qcptgac ml rfc n_qqclecpq% ucjd_pc _r c_af _ddcarcb qr_rgml gl rfc amkksrcp p_gju_w lcrumpi, Ml

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 system to 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, the maximum service interval relies 

ml rfc BPN mncp_rgle amlacnr md rfc a_lacjjcb rp_gl qcptgac%q jglc, Rfgq _jqm _ailmujcbecq rf_r

there is a DRP transport concept being deployed, 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 operating 

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 parameter, can be 

easily adjusted to fit 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 operating 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 service 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_qqclecpq% ncpqncargtc _ld safeguard their welfare, only the train services that are able to 

pcnj_ac rfc pmjc nj_wcb `w rfc a_lacjjcb qcptgac _q n_pr md rfc n_qqclecpq% km`gjgrw af_gl qfmsjb `c

considered. Therefore, not all train services that are projected to reach the affected station 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 overall, within a 

disrupted commuter railway network, two different circumstances can be considered: 
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¶ The cancelled train service drives away from the disrupted section, in which case, the 

m`hcargtc qr_rgml gq rfc jglc%q clb qr_rgml, 

¶ The cancelled train service drives towards the disrupted section, in which case, the 

m`hcargtc qr_rgml a_l `c amlqgbcpcb _q rm `c _lw qr_rgml ugrfgl rfc ampc _pc_ mp rfc jglc%q

DRP turning station. 

Consequently, to establish the previous and subsequent train services, the direction of travel 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_qqclecpq% ucjd_pc gq snfcjb* rfc qr_rgmlq qcptgacb _jmle rfc a_lacjjcb rp_gl qcptgac%q pmsrc gq _jqm

of relevance. Therefore, to establish 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. percentage), 

establishing a precise amount that would allow upholding rfc n_qqclecpq% ucjd_pc gq _ kmpc

complicated task. Therefore, the stations being reached by the prior and subsequent train services 

should be identical to the ones reached by the cancelled train 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 Conflict-Free 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 vehicle-specific 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 li st 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 deployment system. 

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 1 focuses on the development of the residual capacity estimation 
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model and Section 2 details the development of the dynamic DRP deployment system across all its 

nine modules. The overall structure of the work is depicted in figure 3.8.  

 

Figure 3.8 Structure of the document (by author)  

The first Section of this work establishes the model for the appraisal of the public transport residual 

capacity, which is advanced in section 4. Section 4 also includes a brief example regarding the 

application of the model, a brief summary, and conclusions for this Section of the work.  

The second Section and the core of this work, is covered between sections 5 to 15, as it is depicted 

gl dgespc 1,6, ?jgelcb ugrf rfc bwl_kga BPN bcnjmwkclr qwqrck%q mtcp_jj _nnpm_af bcr_gjcb gl

subsection 3.5.3, every section between section 5 until section 13 details a specific module of the 

system. Section 14 provides an implementation example of the main processes described thorough 

rfc qwqrck%q kmbsjcq, and section 15 provides a summary and conclusions regarding the 

development of the dynamic DRP deployment system (i.e. Section 2).  

At last, the work finalizes in section 16, where a general outlook covering both Sections is 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 2.4.1, estimating the capacity limitations of public 

transportation modes available during  a railway disruption is central for upholding the welfare of 

public transport  users in general. Once the capacity limitations have been determined, intermodal 

passenger rerouting strategies that 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 

measures for passengers. This section focuses on 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 l the specific objective of the first Section of 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 estimation 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 support 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 this Section%q general approach described 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 the 

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 be outlined.  The 

second cluster entails a validation of the general approach and the proposed assumptions so 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 t ransport residual capacity should be laid out.  

In the following, subsection 4.2 provides a detailed discussion of the key determining variables 

influencing the residual capacity estimation. Thereafter, subsection 4.3 utilizes the key 

determining variables established in subsection 4.2 and derives a general 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 public 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 qs`qcargml 2,5'. 

4.2. Key Determining Variables  Influencing the Residual Capacity Estimation  

Assessing public transport capacity limitations entails engaging with 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 capacity 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 capacities has been typified 

by equation 2.17, where the residual capacity is expressed as the multiplication of the scheduled 

capacity ὅ of a line Ὦ by 1 minus the occupancy rate ὕὙȟ expressed as a ratio.  

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 the key determining variables that best describe 

the liaison behind scheduled capacity and passenger transport demand. 

Drawing upon the capacity-focused discussion of subsection 2.4.4, six determining variables have 

been identified to hold prime relevance. These have been grouped according to scheduled or 

demand features and, thus, arranged in such a way to support a multimodal analysis of the residual 

capacity (see table 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.  

Ml rfc mrfcp f_lb* n_qqclecpq% ns`jga rp_lqnmpr bck_lb gq k_gljw amlqrgrsrcb `w rfc local mobility 

culture and reflected in the actual occupancy of the public transport scheduled journeys. Also, it 

ksqr lmr `c dmpemrrcl rf_r rfc qwqrckq% amldgesp_rgml gq bcjg`cp_rcjw kmbgdgcb rfpmsefmsr rfc b_w

to better fit the demand fluctuations across the urban area. The shifts gl rfc qwqrckq% amldgesp_rgml 

j_w rfc dmslb_rgml dmp bcrcpkglgle rfc qwqrck%q pcqgbs_j a_n_agrw nmrclrg_jq* rfsq jc_bgle rfc

spatiotemporal influences behind both scheduled and demand features (i.e. peak and off-peak 

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 have been discussed throughout subsection 2.4.4, as 

ucjj _q ugrf rfc kmbcj%q mtcp_jj m`hcargtcq* pcosgpckclrq _lblimitations.  

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 passenger hauling or transporting 

capabilities, there is a broad range of features to be considered. It is through this characteristic 

that each transport operator is able to arrange their own diverse set of vehicle types and models 

to better address the foreseen demand in their network. 

For capacity assessment purposes, the number of users a vehicle is able to transport is a key feature. 

Consequently, within the framework of this Section and as an important variab le within equation 

2.1, the vehicle characteristics must be well-defined 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 difference 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 the qwqrck%qoperational features. As argued in 

subsection 2.5, the complexity 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 used to evaluate the accessibility of the network  by means of its 

catchment area, but they are also relevant in explaining rfc n_qqclecpq% mtcp_jjtrip lengths . In this 

sense, different  route lengths also impact 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 discussed in subsection 2.5.5., 
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the vehicle-specific occupancy is the cornerstone characteristic 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 OR (occupancy 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 cross-sections). Thus, by equating the features of the scheduled capabilities with the 

public transport demand, as accurately as possible, the OR displays 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 the planned public transport services to include the 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 changes in 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 no better example than to refer to the changes regarding 

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. Including the significance of the 

inner city area as an element to reference the 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-à-vis the urban functions. As 

discussed in subsection 2.4.4, the registered changes in demand may be referenced to a so-called 

§aclrcp md ep_tgrwµ,Public transport demand is considerably influenced by changes in population 

density _lb rfc rpgn jclerf rmu_pbq rfc §aclrcp md ep_tgrwµ* _qqskcb rm `c rfc _terage objective 

and source of all trips generated in the network (see subsection 2.4.4). In this regard, the 

referencing element must be further detailed since it considers the trips conducted throughout all 

possible modes of transport. 

In the specific case 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 

gbclrgdgcb _q rfc §mobility center of gravity µ* _lb af_p_arcpgxcb `w `_j_laing the overall flow of 

passengers throughout the day within 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 context-dependent components are derived. In subsection 4.3.1, the 

approach to ascertain the scheduled capacity is discussed. Later, in subsection 4.3.2, the approach 

to ascertain the demand and context-dependent 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 structured in 

subsection 4.3.3. 

4.3.1. Scheduled Capacity í 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 subsection 2.4.4, 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, see 2.4.4), t he combined operational nature (i.e. more 

rf_l mlc kc_l md rp_lqnmpr' md rfc lcrumpi%q jglcq gq _jpc_bw glampnmp_rcb gl rfcgp qrpsarspc, 

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 standardized values provided in table 2.5 in 

subsection 2.4.4 or the values provided by 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, the actual vehicle carrying capabilities may be determined beforehand 

with the local public transport companies. 

4.3.2. Occupancy Rate (OR) - Evaluating Assumptions  

Whereas the scheduled capacity 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_qqclecpq% rp_tcj

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 

qualities. These qualities, which are deliberately aimed at addressing the fluctuating reaction of 

users to the scheduled 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 the discussion 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 4.2 may be expressed as a mode and time-specific 

function, which encompasses the distance to the mobility center of gravity as an independent 

variable. For this purpose, four assumptions have been concocted in the effort to 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%q hmsplcw, N_prgasj_p pcjct_lac gq egtcl rmthe changes 

in rfc tcfgajc%q maasn_law ugrfgl _ network by acknowledging the 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).   

 

Figure 4.1 Assumed interplay between scheduled capacity and public 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 across two differe nt temporal categories, utilizing the HVZ 

and NVZ as examples. Furthermore, 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 capacity throughout the operational day . 

To complement the discussed generalization and 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  (see figure 4.2) . Initially, since the OR is expected to produce a 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 decrease 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_lb _lb ncmnjc%q rp_lqnmpr `cf_tgmsp, Rfsq* rfc MP dslargml k_w `c _ddcarcb `w rfc af_lecq

in ur ban density. Urban density has been generalized as to grow towards 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 selection 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 transportatio n. The combined effect of these two influences is assumed to have central 

relevance in explaining the rate in the fluctuations of the OR of a public transport vehicle along its 

route.  
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As a result, as depicted in figure 4.2, the OR function is assumed to: 

5. be explained by a monotonically decreasing function vis-à-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 its route.   

 

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 the isolated key determining variables and the informative value 

of the five assumptions proposed thus far, actual operational information must be gathered and 

assessed. For that reason, the systematic acquisition of this information and the structuring of an 

approach to assesses the retrieved information becomes instrumental for determining the strived 

OR function, as outlined by the proposed assumptions. 

4.3.3. Validation Procedure of the OR Assumptions  

The assessment of actual 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 detail.     

Initially, t he features of the required operational information to validate the assumptions and the 

assembly of the OR functions are detailed below. Later, a new procedure to process the retrieved 

information  and structure the public transport and time -specific OR functions is 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 vehicles across 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 accuracy satisfies the 

required granularity,  as it systematically records the number of passengers boarding and alighting 

dpmk _ jglc%q rgkcr_`jcb hmsplcws and/or the changes in passenger numbers between stops. 

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 fall on 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 extensive sample size), the collected information within the 

framework of this Qcargml%q requirements must properly validate or contest the assumptions made 

in 4.3.2. Therefore, since the model is to be used within the context of railway-disrupted situations 

to assess intermodal passenger rerouting measures that ought to be still deliberated with local 

public transport operators, the collected sample does not need to be so extensive. That said, for a 

proficient validation of the proposed assumptions and to secure the general implementation of the 

framework, it is advantageous for 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 of operations 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 the mobility 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 counts 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. The mobility center of gravity may be 

established in accordance with the decisive cross-sections through which the most significant 

passenger flows throughout the day have been considered. Daily flows at the cross-sections can be 

utilized so as to select stops which are decisive across all temporal categories. Furthermore, the 

decisive cross-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 cross-sections are identified, a center of 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 approaches, such as the ones introduced in Oetting (2002), may also be 

utilized as alternati ves to establish the mobility center of gravity.  
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Oetting (2002), introduces two approaches based on the transport-relevant features of the study 

area. The first approach foresees to divide the study area into §acjjqµ mp qs`_pc_q* ufgaf _pc

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 

establishing rfc rp_lqnmpr qsnnjw _lb bck_lb `cruccl §acjjqµ &Mcrrgle 0..0* n, 0.1', Rfc §acjjµ

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 proposed by Oetting (2002) can be utilized to establish the mobility 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 of this point, which utilizes the daily flows at the cross -

section, is the standard approach recommended for the validation purposes of the OR. 

ii)  Identifying the Temporal Categories  

Gl _ qcamlb qrcn* rfc lcrumpi%q nc_i &FTX' _lb mdd-peak hours (NVZ; SVZ) must be identified. For 

this, the net inflow and outflow of passengers at the decisive cross-section 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 their 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 and the 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 number 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 category w are averaged, constituting in this way the new 

centroids for each temporal category (i.e. ὢ , ὣ) 

3. The sum of squared differences between the original ordered pairs and the identified 

centroids for all temporal categories is calculated as generalized in equation 4.1. 

ὛήόὥὶὩὨ ὈὭὪὪὩὶὩὲὧὩὢ ὢ ὣ ὣ τȢρ 

where: 

X Total number of journeys within the assessed hour interval 

Y Dominant flow of passengers within the assessed hour interval 

ὢ   The resulting centroid of the number of journeys for temporal category w   
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ὣ  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 an overall 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 subsection 4.2. 

iii)  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 computed tcfgajc%q qncagdga pmsrc

distance between the identified mobility center of gravity _lb rfc jglc%qend/starting stop . 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 

jglc%q dgpqr mp mpgegl qrmn to its stop laying the closest to the mobility center of gravity , plus the air 

distance from said point to the stop. To derive the actual distance between the mobil ity center of 

gravity and the stop, the air distance must be multiplied by a detour factor Ὗ  (Walther, 1973 

p.54), which allows the actual walkways to be traced to public transport stops. The detour factor 

Ὗ is calculated as generalized in equation 4.2; where ὰ represents the air distance measured 

between the stop and the mobility center of gravity.  

Ὗ ρ υȟψτρzὩ ȟ ᶻ ȟ
                                              (4.2)  

All measurements (i.e. between stops, from the stop to the mobility center of gravity ) should be 

conducted via web mapping services (e.g. Google maps) and supported by the geo-referenced line 

route plans made public by the local transport operators. For light rail and subway networks, the 

measurements between stops are derived from the estimated center of one station, following the 

geo-referenced route to the center of the next station. For bus networks, the measurement is 

conducted from the direction-specific stop along the geo-referenced route length to the next 

direction-specific stop.  

iv)  Identifying the Journey-Specific OR Throughout the Route 
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Fourth, the shift in the number of passengers along each recorded journey can be deduced by 

relying on the passenger exchange information at every stop (only 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  scheduled vehicle capacity, hence, resulting in a 

percentage value.  

v) Identifying the Averaged OR for 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 o f gravity may be calculated. As a result, the averaged OR specific to 

each assessed line and direction for 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 same mode (i.e. bus, tram or light rail and 

subway) and temporal category (HVZ, NVZ and SVZ) generated in the previous step are plotted 

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 the statistical fitness of 

the resulting OR functions are evaluated, the functions must first validate all four assumptions so 

as to fully account for this Qcargml%q objectives 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 vehicle-specific occupancy throughout 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 information by means of the framework described in the 

previous subsection is discussed and exemplified throughout this subsection. The process would 

allow outli ning the validity of the OR functions, as foreseen by the assumptions described 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 time-specific 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 on the basis of the availability  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 a general 

overview of each one of the assessed networks and 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 the six assessed public transport networks (VDV 2016) 

City 
Passengers 

 (Tsd)  
People-Km Tot.  

(Tsd)  
Vehicle-Km 

(Tsd)  
Place-Km  

(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 modes across the six assessed public transport networks (VDV 2016) 

 City Esslingen 
Frankfurt 

a.M.*  
Hamburg * Ludwigsburg  Stuttgart  Wiesbaden 

B
u
s 

Total Vehicles  58 290 1.345 66 352 242 

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 

S
u
b

w
a
y
 Total Vehicles  - - 238 - - - 

Vehicle-Km (Tsd)  - - 12.486 - - - 

Places-Km (Mio)  - - 8.245 - - - 

T
ra

m
/ 

L
. 
R

a
il
 Total Vehicles  - 427 - - 189 - 

Vehicle-Km (Tsd)  - 14.805 - - 15.680 - 

Places-Km (Mio)  - 5.209 - - 4.656 - 

* The rest for both the Vehicle-Km and Places-Km is conducted via regional commuter rail (outside of scope) 
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Dpmk rfc gldmpk_rgml npcqclrcb gl r_`jcq 2,0 _lb 2,1* rfc fcrcpmeclcmsq l_rspc md rfc lcrumpi%q

capabilities for each public transport mode can be appreciated. Overall, by comparing this 

operational information, three strict patterns emerge. 

First, the city of Hamburg stands out from the dataset with 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 networks, Hamburg 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 kilomet re 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 kilometre 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 a whole, 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 issues such as the magnitude, limitat ions and overall ability of 

each network to abide by the requirements discussed in subsection 4.3.3.  

The retrieved datasets consist of passenger exchange records for the timetabled journeys along 25 

different lines for all the three required public transport modes (see subsection 3.4.2), 

corresponding to one entire day of operations on 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 each 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 assessed and the spatial structure 

of these lines can be further appreciated in figure 4.3.  
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Figure 4.3 Assessed public transport lines within 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 been chosen on the 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. In table 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 detailed 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 Assessed public transport networks, lines, modes and data set sources (by author) 

Urban 
Area 

Mode 
Recorded 
Lines (N°)  

Approx. 
Line Length 

(km)  

Amount 
of Stops 
per Line 

(N°)  

Retrieved  N°  
Journeys 

(Per 
Direction) **  

Surveyed 
Period  

Source 

Esslingen Bus 

101 9 18 77 / 75  Autumn 
2016 

Mo ­ Fr 

VVS 
(2016d) 

108 6 15 56 / 61  

110 6 13 62 / 64  

Frankfurt 
a.M. 

Light 
Rail 

 

2 17 21 139 / 136  

Autumn 
2016 

Tu, We, 
Th 

traff iQ 
(2016)  

3 19 28 72 / 71  

4 11 15 171 / 171  

6 9 15 128 / 130  

7 12 20 124 / 125  

8 12 19 80 / 80  

Hamburg Subway 

1 51 46 221 / 214  Spring 
2016 

Mo ­ Fr 

HVV 
(2016b)  

2 26 25 202 / 216  

4 13 11 112 / 113  

Ludwigs- 
burg 

Bus 

421 10 21 86 / 83  Spring 
2016 

Mo ­ Fr 

VVS 
(2016d) 

427 9 20 86 / 82  

430 14 26 56 / 58  

Stuttgart 
Light 
Rail 

4 10 22 111 / 113  

Autumn 
2016 

Mo ­ Fr 

VVS 
(2016d) 

5 16 22 56 / 55  

7 26 36 109 / 109  

9*  14 28 107 / 107  

14*  22 33 104 / 105  

Wiesbaden Bus 

4 10 30 129 / 127  
School 
Season 
2016 
Mo-Fr 

ESWE 
(2016b)  

5 14 34 92 / 93  

17 10 27 79 / 86  

22 20 38 35 / 22  

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 network'q k_elgrsbc, Dmp cv_knjc* _apmqq _jj md Qrsrre_pr%q jgefr p_gj jglcq* kmpc rf_l

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  cross-sections across its network and the passenger exchange 

information  f_q `ccl mljw qsptcwcb _r qncagdga qrmnq _jmle _ tcfgajc%q pmsrc &qcc r_`jc 2,3', ?q

such, it stands out as an exception to the general structure of the datasets described above.  

Table 4.5 Surveyed stops per every assessed line - Frankfurt a.M. Light Rail (traffiQ 2016) 

Line N° Public Transport Stop  

2 Kalbach; Heddernheim; Eschenheimer Tor 

3 Niederursel; Heddernheim; Eschenheimer Tor 

4 Schäfflestraße; Merianplatz; Willy -Brandt-Platz; Festhalle/Messe 

6 Industriehof; Alte Oper; Zoo 

7 Industriehof; Alte Oper; Zoo; Schäfflestraße 

8 Niederursel; Heddernheim; Eschenheimer Tor 
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On another note, the passenger exchange information data sets from all networks have been 

a_nrspcb rfpmsef rfc ?NAQ qsptcwgle rcaflgosc* ugrf rfc cvacnrgml md Dp_lidspr _,K,%q jgefr p_gj

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 (i.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 a one -fmsp uglbmu dmp 5 md rfc /// hmsplcwq pcrpgctcb dpmk Qrsrre_pr%q jgefr

p_gj jglc §S2µ ugrf rfc bgpcargml rm §Földerlinplatzµ, 

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 

particulap qrmnq, Gr pcampbq rfgq t_jsc _r rfc _ppgtgle qrmn `cdmpc rfc tcfgajc%q bmmpq _pc mnclcb dmp

passenger exchange. For example, for the journey starting at 07:33 between the stops 

§SlrcprĈpifcgkµ _lb §Wasenstraßeµ rfc tcfgajc pcampbcb _l maasn_law md 30 n_qsengers at the 

qrmn §Wasenstraßeµ, Qglac §SlrcprĈpifcgkµ gq rfc jglc%q mpgegl qr_rgml gr a_ppgcq lm gldmpk_rgml,  

Table 4.6 Passengers transported between stops - Stuttgartòs light rail line "U4" direction ïHºlderlinplatzð (VVS 2016d) 

Stop Name 

Maximum Vehicle Capacity:  246 Passengers 

Journey Starting Time  

(Total Number of Passenger in the Vehicle )  

07:33 07:43 07:53 08:03 08:13 08:23 08:33 

Untertürkheim  - - - - - - - - - - - - - - 
Wasenstraße 52 26 32 54 37 29 43 

Inselstraße 49 31 34 62 47 38 55 

Im Degen 58 34 46 68 51 51 56 

Brendle (Großmarkt)  62 30 53 72 49 56 63 

Landhausstraße 74 28 53 74 49 56 64 

Gaisburg 87 34 62 74 55 62 70 

Ostheim Leo-Vetter-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 

Stöckach 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 Straße) 59 62 103 70 69 150 74 

Berliner Pl. (Liederhalle)  33 55 59 35 55 121 69 



 

Page 142 

Stop Name 

Maximum Vehicle Capacity:  246 Passengers 

Journey Starting Time  

(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 

Hölderlinplatz  7 17 5 11 34 47 18 

The structure of the vehicle-specific occupancy described by table 4.6, is consistent across all 

lcrumpiq cvacnr dmp Dp_lidspr _,K,%q jgefr p_gj gldmpk_rgml* F_k`spe%q qs`u_w jglcq _lb

Ugcq`_bcl%q `sq jines. For the first two cases, the vehicle-specific 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 re-set 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 cross-sections, information on 

the vehicle-specific occupancy is limited for all lines. The information is only available at surveyed 

stops. However, by considering passenger exchange information, it is also possible to identify the 

number of passengers leaving the surveyed station and, thus, the vehicle-specific occupancy at the 

next stop. 

In Wiesbaden, it is only possible to identify  the utilized vehicle types per journey and the maximum 

vehicle capacities detailed 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-specific 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 information for all six steps of 

the validation procedure. For the purposes of this example, the general OR assembly function and 

validation are amlbsarcb ugrf rfc b_r_ pcampbcb dpmk Qrsrre_pr%q jgefr p_gj jglc, 

Establishing the mobility center of gravity  

When establishing the mobility centers of gravity, a balance should be struck between identifying 

the decisive cross-sections 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 cross-sections, the flow of passengers 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 displayed 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 for Qrsrre_pr%q jgefr p_gj jglc §S/2µ gl

both directions of tr avel and identifies the cross-sections 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 cross-section 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 passenger flows per stop - Stuttgartòs light rail line "U14" for both directions of travel  (by author)  

Station  
Direction ­ 
Heslach*  

(passengers/day)  

Direction ­ 
Neckargröningen * 
(passengers/day)  

Neckargröningen Remseck  --- 1467 

Aldingen Brückenstraße 1416 1554 

Aldingen Mühle 1673 1994 

Aldingen Hornbach 2168 2345 

Mühlhausen 2626 3296 

Auwiesen 3425 3576 

Hofen 3770 4126 

Max-Eyth-See 4407 4661 

Wagrainäcker 4845 4710 

Elbestraße 5021 5146 

Freibergstraße 5463 5757 

Münster Rathaus 6040 6569 

Münster Viadukt 6780 6727 

Kraftwerk Münster 6925 6893 

Mühlsteg 7110 7325 

Rosensteinbrücke 7592 7358 

Wilhelma 7636 7912 

Mineralbäder 7962 8033 

Metzstraße 7898 8667 

Stöckach 8573 9383 

Neckartor 8585 10187 

Staatsgalerie 9145 10189 (OUT) 

Hauptbf. (Arnulf -Klett -Pl.) 9354 (IN)  8925 

Börsenplatz 8881 8776 

Berliner Pl. (Liederhalle)  8586 8119 

Berliner Platz (H. Straße) 7438 8157 

Stadtmitte  7692 9545 (IN)  

Österreichischer Platz 9292 (OUT) 7896 

Marienplatz 7998 5256 

Erwin-Schoettle-Platz 5095 3348 

Bihlplatz 3324 1838 

Südheimer 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.  

 

Figure 4.4 Schematic representation of the decisive cross-sections and the 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. Esslingen (VVS 2016f); f. Ludwigsburg (VVS 2016c), all modified by author . 

Table 4.8 depicts the results of the comparison analysis displaying the daily passenger flows at the 

cross-sections identified as decisive. Sincc rfc r_`jc npmdgagclrjw bgqrglesgqfcq `cruccl rfc jglc%q

directions of travel, it is possible to identify the difference between incoming and outgoing 

passenger flow in the converged cross-section 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 Qrsrre_pr gq jma_rcb _r rfc qr_rgml §Af_pjmrrclnj_rxµ, Kmqr gknmpr_lrjw* rfc

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 decisive cross-sections for all assessed lines - Stuttgartòs light rail (by author)  

Line Number  

Cross-Section (Inflow)  Cross-Section (Outflow)  

Station  
Passengers/ 

day 
Station  

Passengers/  
day 

U4 - Dir. Hölderlinplatz  Staatsgalerie 7140 Charlottenplatz 7227 

U4 - Dir. Untertürkheim  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. Mönchfeld  Charlottenplatz 13801 Hauptbahnhof 11867 

U9 - Dir. Botnang  Staatsgalerie 9580 Börsenplatz 7548 

U9 - Dir. Hedelfingen Börsenplatz 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 categories should be distinguished by clustering the dominant hourly flow of 

passengers at the decisive cross-sections and the number of journeys transpired during the 

respective interval as a coordinated pair. 

Before performing the iterative clustering approach, the passenger flows and the number of 

journeys must be summarized into the respective one-hour intervals. The respective passenger flow 

at the decisive cross-section is _qqgelcb rm _ rcknmp_j glrcpt_j ml rfc `_qgq md rfc hmsplcw%q qr_prgle

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 npmtgbcq _ qskk_pgxcb mtcptgcu md Qrsrre_pr%q jgefr p_gj n_qqclecp- in and outflows 

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 hrs.  

Rfc mpbcpcb n_gpq §V* Wµ _pc rfcl eclcp_rcb* ufcpc V pcnpcqclrq rfc lsk`cp md hmsplcwq* _lb W

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). As described in subsection 4.3.3, the 

clustering method is focused on identifying 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 

dmp Qrsrre_pr%s light rail , where the 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 result in: ὢ σρȢυ, ὣ ρρτχȢυ; ὢ υυȢςυ, ὣ ψςπτȢςυ and ὢ υρȢτυ, ὣ τψυω. 
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Figure 4.5 Summarized passenger flow at the decisive cross-sections for all assessed Stuttgartòs 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 4.9 summarizes the iterative process to find the adequate 

temporal cluster for the interval between 8:00 hrs . - 6837 fpq,9 ufcpc rfc mpbcpcb n_gp §V* Wµ qr_lbq

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 Example of the iterative clustering process for a single interval - Stuttgartòs light rail (by author) 

Time Interval -  08:00 -08:59  

Iteration  
Manual 

Clustering  
1st 

Iteration  
2nd 

Iteration  
Calculation 

(as in 4.3.3.)  
Starting Cluster  3 2 2 

Centroid ὢ 31.5 32.14 32.14 
2 

Centroid ὣ 1147.5 1365.29 1365.29 

Squared Diff.  w/Centroid 1 35575812.5 33025247.5 33025247.5 3 

Centroid ὢ 55.25 55.2 55.2 
2 

Centroid ὣ 8204.25 7985.8 7985.8 

Squared Diff.  w/Centroid 2  1193010.13 763526.48 763526.48 3 

Centroid ὢ 51.45 52.78 52.78 
2 

Centroid ὣ 4859 4851.67 4851.67 

Squared Diff.  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 

04:00

-

04:59

05:00

-

05:59

06:00

-

06:59

07:00

-

07:59

08:00

-

08:59

09:00

-

09:59

10:00

-

10:59

11:00

-

11:59

12:00

-

12:59

13:00

-

13:59

14:00

-

14:59

15:00

-

15:59

16:00

-

16:59

17:00

-

17:59

18:00

-

18:59

19:00

-

19:59

20:00

-

20:59

21:00

-

21:59

22:00

-

22:59

23:00

-

23:59

00:00

-

00:59

IN 466 1784 5420 9697 7112 4741 3810 4098 4666 4864 5231 6347 7413 6709 4539 3102 1677 1152 890 537 200

OUT 217 1240 3864 7854 5289 3667 3301 3822 4739 4963 5276 6873 8051 8196 5997 4621 2672 2007 1483 823 322

Journeys 25 42 54 58 55 54 54 54 54 54 54 54 55 54 52 45 36 36 31 32 23

Pre. Clust. 1 1 3 2 3 3 3 3 3 3 3 2 2 2 3 3 3 1 1 1 1
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After the clustering example presented in table 4.9, 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.  

The results md rfc grcp_rgtc ajsqrcpgle npmacqq dmp _jj rfc rcknmp_j glrcpt_jq _apmqq Qrsrre_pr%q jgefr

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.  

 

Figure 4.6 Temporal category clusters for Stuttgartòs light rail 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 procedure must 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   

SVZ NVZ HVZ NVZ 

15:00 - 17:59 18:00 - 19:59 20:00 ­ 01:00 

HVZ NVZ SVZ 

Figure 4.7 Summarized temporal clusters for Stuttgartòs light 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_lbgle ml rfc cv_knjc lcrumpi* rfc gbclrgdga_rgml md rfc pcjct_lr qrmnq dmp Qrsrre_pr%q jgefr p_gj

lines is conducted ugrf pcqncar rm rfc gbclrgdgcb aclrcp gl rfc §Af_pjmrrclnj_rxµ, Dpmk dgespc 2,2

(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 to zero. However, Lines U9 
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and U14 are essentially identical within their routes across the urban core since both of their 

bgpcargmlq bm lmr rp_tcpqc rfc qrmn §Af_pjmrrclnj_rxµ, ?q qsaf* rfcqc pcosgpc _ bccncp _qqcqqkclr

to identify their closest stop to the mobility center of gravity.  

 

Figure 4.8 Air distances measured from all neighbouring public transport stops to the mobility center of gravity for 

Stuttgartòs light rail lines ïU9ð and ïU14ð (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 process that 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 

§@Ăpqclnj_rxµ, 

Once rfc pcjct_lr qr_rgmlq f_tc `ccl gbclrgdgcb* _lb gl rfc tgcu md rfc d_ar rf_r _jj md Qrsrre_pr%q

assessed lines are diametrical (see figure 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. 

Table 4.10 Identification of the m obility Center of gravity - Stuttgartòs light rail (by author) 

Assessed Stop  
Figure (4.8)  

▀▪ 

Measured Air 

Distance (m)  

Detour Factor 

╤╕ (m)  

Total Distance 

(m)  

Stadtmitte Ὠ 800 1.13 904.00 

Berliner Platz (H.S.) Ὠ 1070 1.12 1198.40 

Börsenplatz Ὠ 650 1.14 741.00 

Hauptbahnhof Ὠ 810 1.13 915.30 

Staatsgalerie Ὠ 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 journey-specific structure of the 

retrieved data, already described throughout subsection 4.4.2, is instrumental in identifying the 

existence of diverging routes for the assessed lines.  

?q _l cv_knjc* rfc a_qc md Qrsrre_pr%q jgefr p_gj jglc S7 gq amlqgbcpcb gl bcr_gj, Ugrfgl rfc jglc%q

basic scheduled operations, the data identifies the standard vehicle circulation to have the station 

§Tmecjq_leµ _q rfc qr_prgle-clbgle qr_rgml, Lmlcrfcjcqq* _pmslb /-1 md rfc jglc%q qafcbsjcb
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hmsplcwq* kmqrjw bspgle rfc gbclrgdgcb FTX* f_tc rfc qr_rgml §Botnangµ _q rfc mpgegl-m`hcargtc,

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 between 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 

identifi cb km`gjgrw aclrcp md ep_tgrw dmp `mrf pmsrc t_pg_lrq, Bsc rm rfc jglc%q af_p_arcpgqrgaq, three 

total route lengths can be identified ; these values constitute the foundation for normalizing the 

accumulated distances (i.e. equal to 1).    

Table 4.11 Normalized distance - Stuttgartòs light rail line "U9" for both directions of travel  (by author)  

 Variant 1  Variant 2  

Stop 
Accumulated  
Distance (m)  

Distance  
(Normalized)  

Accumulated  
Distance (m)  

Distance  
(Normali zed) 

Hedelfingen 9140 1.00 9140 1.00 

Hedelfinger Straße 8290 0.91 8290 0.91 

Wangen Marktplatz 7680 0.84 7680 0.84 

Wasenstraße 8100 0.89 8100 0.89 

Inselstraße 6680 0.73 6680 0.73 

Im Degen 6290 0.69 6290 0.69 

Brendle (Großmarkt)  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 

Stöckach 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 

Börsenplatz 740 0.08 740 0.08 

Börsenplatz 740 0.13 740 0.24 

Berliner Pl. (Liederhalle)  1290 0.23 1290 0.42 

Schloss-/Johannesstr. 1860 0.33 1860 0.60 

Schwab-/Bebelstraße 2410 0.42 2410 0.78 

Arndt-/Spittastraße 2730 0.48 2730 0.88 

Vogelsang 3090 0.54 3090 1.00 

Herderplatz 3520 0.62   

Lindpaintnerstraße 4180 0.73   

Beethovenstraße 4560 0.80   

Millöckerstraße 4940 0.87   

Eltinger Straße 5320 0.93   

Botnang 5700 1.00   

The same route normalization 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 scheduled 

maximum vehicle capacity (as displayed in table 4.6), the OR for every scheduled journey 
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throughout its route can be determined. The OR is calculated by placing the registered vehicle-

qncagdga maasn_law gl pcj_rgml rm rfc qafcbsjcb tcfgajc%q a_n_agty and represented as a percentage 

value. The identified OR for the vehicle is then referenced as its accumulated normalized distance 

intrinsically measured in correspondence with the identified mobility center of gravity.  

To exemplify the identification o f the journey-specific OR throughout a tcfgajc%q pcdcpclacb pmsrc*

table 4.12 displays a set of spatially referenced OR. The presented information derives from the 

vehicle-qncagdga maasn_law t_jscq npcqclrcb gl r_`jc 2,4 dmp Qrsrre_pr%q jgefr p_gj jglc S2in direction 

rm §Hölderlinplatzµ, and places them in relation to the scheduled vehicle capacity, in this case: 246 

passengers. Moreover, both the accumulated and normalized distance for the protracted line, 

which has no variants, are presented so as to exemplify the spatial referencing of the OR as 

identified in the previous subtitle.  

Table 4.12 Referenced journey-specific OR Development - Stuttgartòs light rail line "U4" direction ïHºlderlinplatzð (by 

author)  

Stop Name 

Maximum Vehicle Capacity:  246 Passengers  Accum. 
Distance 

(m)  

 

Vehicle-Specific Occupancy - OR (%)  Norm.  

07:33  07:43  07:53  08:03  08:13  08:23  08:33   

Untertürkheim  - - - - - - - - - - - - - - 6585 1.00 
Wasenstraße 21.14 10.57 13.01 21.95 15.04 11.79 17.48 5885 0.89 
Inselstraße 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 (Großmarkt)  25.20 12.20 21.54 29.27 19.92 22.76 25.61 4445 0.68 
Landhausstraße 30.08 11.38 21.54 30.08 19.92 22.76 26.02 4135 0.63 

Gaisburg 35.37 13.82 25.20 30.08 22.36 25.20 28.46 3595 0.55 
Ostheim Leo-Vetter-Bad 49.19 26.42 32.52 40.65 29.27 51.63 47.15 3235 0.49 

Ostendplatz 76.83 35.37 39.84 48.37 31.71 67.89 52.85 2905 0.44 
Bergfriedhof 86.99 42.68 58.54 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 
Stöckach 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 49.59 41.46 66.26 60.57 39.43 67.89 45.12 0 0.00 

Rathaus 43.50 43.90 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. 12.20 21.95 19.11 13.41 22.36 45.53 25.20 2055 0.70 

Russische Kirche 7.32 11.38 4.07 7.32 17.48 28.86 14.63 2475 0.84 
Hölderlinplatz  2.85 6.91 2.03 4.47 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 OR 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) . 

@sgjbgle snml rfc cv_knjc md Qrsrre_pr%q jgefr p_gj jglc S2 ugrf bgpcargml §Hölderlinplatzµ, table 

4.13 contains the averaged OR for all journeys belonging to the same temporal category and 



 

  Page 151 

normalized route length. The resulting structure can be understood as a line-specific 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 specifically 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, at this 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.   

Table 4.13 Averaged journey-specific OR - Stuttgartòs light rail line "U4" direction ïHºlderlinplatzð (by author) 

Averaged OR (%)   

SVZ  HVZ NVZ 
Normalized 

Distance 

3.07 13.62 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 28.59 18.73 0.49 

6.49 34.13 21.25 0.44 

8.93 41.37 27.49 0.39 

9.46 43.53 28.56 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 

Figure 4.9 contains the ordered pairs for the expanded assessment, thus, it includes the processed 

information of all the assessed public 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 for every temporal category (by author)  

Function Fitting  

At this stage in the validation process, the obtained ordered pairs for every temporal category 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: ώ ὥ   ὼz ὦ. 

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. R2) 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 function for all assessed modes 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 R2 above the 0.55 range for all means of transport within 

every considered temporal category. Furthermore, the coefficients of determination are somewhat 

similar across all assessed public transport modes during the HVZ and NVZ, with values of R2 

between 0.6 and 0.7. However, during the SVZ, the investigated 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 3.4.1.  

The five assumptions derived in subsection 4.3.2 explained that the OR function: 

1. can be expressed as a function of the time of the day (i.e. temporal category - HVZ, NVZ 

and SVZ ­ see subsection 3.6.1), 

2. can be expressed as a function of its evaluated location in  correspondence to a 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-à-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 measured 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 per temporal category 

(i.e. HVZ, NVZ and SVZ) measured at a 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. 

Rfc MP dslargml%qslope across all three public transport modes becomes steeper for every temporal 

category (i.e. SVZ, NVZ and HVZ), as it approaches the 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-à-vis its measured distance from the local mobility center of gravity . Since 

an inverse relationship between the OR and its measured distance 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 function 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 considering 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 OR as foreseen in the objectives of this 

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 expected since 

the acceptable value conveyed in the German transport quality standards 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 even 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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¶ 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.  

¶ Lastly, when compared solely with the results from the evaluated light rail lines, the 

differences of recorded qualities between modes are apparent. 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 al l, 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 20 min 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 a general public transport residual capacity estimation model would directly 

address the specific objective of the first Section of this work discussed in subsection 3.2.1. As 

discussed in subsection 3.5.2, the structuring of the model is guided by decomposition and 

constructive heuristic methods and assembled through a rule-based 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 passenger 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 are discussed in further detail 

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 discussed in 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 subsection has the specific aim of assessing and supporting the development of 

intermodal passenger rerouting strategies by taking into consideration the  residual capacity of the 

local public transport systems being utilized. Therefore, two general capabilities of 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_jj pcqgbs_j a_n_agrw cqrgk_rgml dp_kcumpi a_l `c `crrcp _nnpcag_rcb gl rfc

example provided by figure 4.11. Two different aspects of the analysis can be recognized: on the 

one hand, the general approach 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 bcnjmwkclr agpaskqr_lacq md rfc kmbcj _q bcqapg`cb `w rfc kmbcj%q m`hcargtcq &qcc qs`qection 

3.2.1).  

 

Figure 4.11 Public transport mode specific OR function within a railway disrupted situation (by author)  

Similar to figure 4.2, in figure 4.11 , the red bars depict the scheduled capacity of a particular line, 

which in this case, qncagdgcq rfc tcfgajc%q qafcbsjcb n_qqclecp f_sjgle a_n_`gjgrgcq, Rfc ep_w `_pq 

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 i nformation 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 spatiotemporal 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 w ith th e requirements outlined in subsection 3.3.1, there is still 
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a need to gurantee the necessary mechanisms 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 tr ansport 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. 

 

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 rela ted information 

contained within the DRPs is included. Together, these provide the foundations upon which the 

assessment is conducted. At this stage, it is possible to 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 computed for 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 above-discussed steps constitute 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 for integrating 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 ὃȟὄ  where ὃ ὥȟὥȟ ȣὥȣ ὥ  represents the set of all stops, and 

ὄ ὦȟὦȟ ȣὦȣ ὦ  represents the sets of all available links between the nodes. The index o 

makes it possible to differentiate public transport stops within the set ὃ; where o  ɴ{ 0}. Similarly, 

p stands as the index for distinguishing a specific link between two nodes serviced by at least one 

public transport mode in the set ὄ; where p  ɴ{ 0} . Consequently, each link ὦ represents a direct 

connection between two specific nodes ὥ ὥ . 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 a lso arranged in a combination of nodes 

and links represented by sets ὣȟὤ. The set ὣ ώȟώȟ ȣώȣ ώ  groups all commuter railway 

stations and ὤ ᾀȟᾀȟ ȣᾀȣ ᾀ  represents the links that connect these stations.  Furthermore, 

the index ὼ is bound to denote a link ᾀ bridging the nodes ώ ώ .  

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 ὣȟὤ, which is bounded 

to the limits of the public transport network ὃȟὄ . 

 

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 established for all available public transport modes, the set 

ὒ  ὰ  ȟὰȟ  ȟȣ ὰȟ   contains all lines servicing the public transport network ὃȟὄ , 

including the relevant lines of the commuter rail network . Respectively ὰȟ   where ὰ represents 

a particular line number for public transport mode  Ὦ, with a direction of travel ί; where Ὦ ɴ { 0}, 

s ɴ  { 0}.  

Each line ὰ is generally comprised of two directions of travel, hence: ί ρȟς. Moreover, j may 

acquire the following values:  Ὦ ρȟςȟσȟτ Ÿ (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  ὰȟ   (ὦȟ ὦȟ ὦȣȢὦ ; where b ɴ  l. The links are ordered systematically in the direction of 

rp_tcj* rfsq* _jjmugle rfc ns`jga rp_lqnmpr jglc%q pmsrc bgqr_lac rm _aasksj_rcbetween the nodes. 

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.  

 

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 aspects needed 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 ὣὨ ώȟώȟ ȣώȣ ώ  represents the commuter railway stations in 

which passenger rerouting strategies are foreseen to be conducted; where ὣὨṖὣ. These stations 

are detailed in the DRP transport concept developed for a specific disrupted situation. Therefore, 

the subset ὣὨ is immediately associated with  a DRP transport concept from the set 

ὈὙὖ ὈὙὖȟὈὙὖȟ ȣ ὈὙὖȢ 
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By the same token, the subset ὃὨ ὥȟὥȟ ȣὥȣ ὥ  represents the public transport stops around 

the disrupted railway stations selected in subset ὣὨ; where  ὃὨṖὃ.  Therefore, a substantial share 

of the elements in ὃὨ constitute 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 

ὣὨ and a neighbouring public transport stops ὃὨ is represented by: 

Ὡ
▫ȟ

ρȟ ὭὪ  ὥȟώ  ὥὶὩ ὧέὲὲὩὧὸὩὨ 
πȟ ὭὪ  ὸὬὩώ ὥὶὩ ὲέὸ

 

If the element Ὡ
▫ȟ

 acquires a value of 1, this means there is an effective nexus between the public 

transport stop ὥ with a specific commuter railway station ώ ; where ὥ  ɴAd and ώ  ɴὣὨ. In 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 urban qualities must also be 

recognized, and the point against which all distances are to be referenced must first be established. 

To this end, the element ὅὄὈ will 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. 

 

Figure 4.15 Example of the integration of the d isruption relevant information (by author)  

The subset ὅὅ ὥȟὥȟ ȣὥȣ ὥ  represents the subset of stops located around the element ὅὄὈ 

and across the city center; where ὅὅṖὃ. While the public transport stops within ὅὅ may be linked 

to existing commuter railway stations or not, the se stops likely constitute possible objectives 

and/or generators for rerouted  passenger trips. Combined with the subset ὅὅ and the element 

ὅὄὈ, it is 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 under investigation does not have a detailed 

outline regarding which public transport lines to utilize for the passenger rerouting .  
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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 ὒὨȟ  represents a set of public transport lines able to serve as 

a link between disrupted locations ὣὨȟὃὨ and the city center ὅὅȠ ὥ ᶰὃὨ and ώ  ɴYd. The set of 

sets ὒὨ ὒὨȟȟὒὨȟȟȣ ὒὨȟ  contains a set of ὒὨȟ  elements; where ὒὨṖὒ. The public 

transport lines ὰȟ   included in  the set ὒὨȟ  only become relevant if the stop ὥ is effectively 

connected to at least one railway station ώ  part of the subset ὣὨ, hence, if the element Ὡ ȟ  is 

equal to one: 

Ὡ
▫ȟ

ρȟ  ɱὒὨȟ  

πȟ  ɰὒὨȟ
 

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 that can be established to include a line ὰȟ   in 

a subset ὒὨȟ ὰ  ȟὰȟ  ȟȣ ὰȟ  .  

First, following the above-discussed approach, a public transport line ὰȟ   is included in a set 

ὒὨȟ   ὰ  ȟὰȟ  ȟȣ ὰȟ   if one of its links ὦ includes an element ὥ clustered in the subset 

ὃὨ  as one of its nodes, and down its link sequence another link ὦ contains a node belonging to 

subset ὅὅ or ὣὨ as a destination.  

Second, abiding by the DRP transport concept under investigation, a public transport line ὰȟ   is 

included in a set ὒὨȟ   ὰ  ȟὰȟ  ȟȣ ὰȟ   if the line ὰȟ   is foreseen to be utilized as a part 

of a rerouting strategy in the investigated DRP. This alternative requires to ascertain the stop ὥ 

where the rerouting strategy is set to take place and stop ὥ  that constitutes the objective of the 

intermodal rerouting strategy. It must be considered that at least the origin stop ὥ must be 

effectively connected to at least one railway station ώ  part of the subset ὣὨ, hence, if the element 

Ὡ ȟ  is equal to one. 
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In case any of the identified lines have more than one link with further nodes that are part of 

subset ὅὅ, the node closest to the element ὅὄὈ is the only one considered in the assessment. 

However, if there is a public transport line that services more than one element, which is part of 

the subset ὃὨ, the lglc%q pcqgbs_j a_n_agrw gqestimated, as foreseen in the DPR 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 lines ὰȟ  .   

4.5.5. Calculating the Residual Capacity 

Once the relevant public transport stops around the commuter railway stations detailed within the 

DRP transport concept are identified , 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 scheduled capacity for each one of the identified lines by 

means of equation 2.16. In this regard, ὠὧȟȟ  
 embodies the vehicle-specific capacity (including 

sitting and standing places) at a certain time of the day Ὥ for line ὰȟ  ; where ὠὧȟȟ  
 ɴ  { 0} . 

The index Ὥ indicates the time of the day for which the assessments is 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 Ὥ  ρȟςȟσ, being ρ ὌὠὤȠ ς

ὔὠὤȠ σ Ὓὠὤ. 

Correspondingly, the variable Ὢȟȟ  
 signifies the frequency at a certain time of day i for a line 

ὰȟ  ; where Ὢȟȟ  
 ᶰ { 0}. Lastly, the defined time period ὸ , is taken as one hour (60min) to 

provide the residual capacity information in passengers per hour. Together, these determining 

variables allow ascertaining the scheduled capacity ὅȟȟ  
 of a specific public transport line 

ὰȟ   at a certain time of day i, as generalized in equation 4.3.  

ὅȟȟ  
ȟ■▒ȟ▀░► ▼

ȟ■▒ȟ▀░► ▼

ὸzὨὩὪ    (4.3)  

Once the scheduled capacity has been asserted, the objective variable can be calculated. Equation 

2.17 is generalized in equation 4.4 for its use within the model. Ὑὅȟȟ  ȟ describes the residual 

capacity at a certain time of day i, for a particular public transport line ὰȟ   at a normalized 

route distance Ὠ
ȟ  

 from the element CBD.  

Ὑὅȟȟ  ȟ ὅȟȟ  
ᶻρ  ὕὙ ȟ Ὠȟ  

       (4.4)  

As established in subsection 4.3 and validated in subsection 4.4, the ὕὙ ȟ Ὠȟ  
 can be 

expressed as being in function of the mode j, time of day i and the jglc%q lmpk_jgxcb pmsrc bgqr_lac

Ὠ
ȟ  
 to the mobility center of gravity . In order to estimate the OR for line ὰȟ  , 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, i t still is necessary to establish the normalized 

route distance Ὠ
ȟ  

 at which the OR must be estimated. 

Rfc jglc%qnormalized route distance Ὠ
ȟ  
 stems from dividing the evaluating route length by the 

jglc%q rmr_j pmsrc jclerf (both measured in relation to the element ὅὄὈ). It should be noted that 

determining both route lengths follows a similar pr ocess as the one explained in subsection 4.3.3. 

 

Figure 4.17 Example of the establishment of the evaluating route length  and the total route length vis -à-vis the 

mobility center of gravity  (by author)  

The tor_j pmsrc jclerf gq rfc _aasksj_rcb bgqr_lac _apmqq _jj rfc jgliq* `cruccl rfc jglc%q mpgegl

stop ὥ  to the stop located the closest to the element ὅὄὈ plus the air distance between the 

stop and the element ὅὄὈ multiplied by the detour factor Ὗ  (see figure 4.17). The detour factor 

Ὗ  is calculated as in equation 4.2. To establish which of the stops is located the closest to the 

element ὅὄὈ, the total route length  must be assessed for every alternative stop located the closest 

to the element ὅὄὈ. Finally, the stop that delivers the minimal total route length, as depic ted in 

figure 4.17, is the one utilized as the total 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, the 

stop ὥ where the rerouting strategy is set to take place, and on the other hand, the stop ὥ  

objective of the rerouting strategy. Thus, there two evaluating route lengths that can be 

established: 

1. The first evaluating route length  is computed between the stop ὥ where the passenger 

rerouting strategy takes place and the stop located the closest to the identified mobility 

center of gravity. 

2. The second evaluating route length is computed between the stop ὥ  objective of the 

passenger rerouting strategy 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 subset ὅὅ (i.e. 

around the CBD) may also constitute potential objectives of the passenger 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 Ὠ
ȟ  

. Figure 4.17 constitutes an example where the objective of the 

passenger rerouting strategy is an element in the subset ὅὅ. In addition, t he figure also depicts the 

bgddcpclac `cruccl rfc ct_js_rgle pmsrc jclerf _lb rfc jglc%q rmr_j route length, as well as the 

identification of the stops laying the closest to the element ὅὄὈ.  
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From the approaches described above, there are two normalized route distance Ὠ
ȟ  

 that can be 

established for every investigated line and where the OR should be assessed. As discussed in 

subsection 3.4.1, the evaluated passenger rerouting  strategies should not hinder the normal 

operation of the appraised public transport lines. Therefore, the OR must be calculated for the 

route distance Ὠ
ȟ  

 that delivers the maximum OR, as generalized in equation 4.5. 

άὥὼ     ὕὙ ȟ Ὠȟ  
Ƞ     Ὠ

ȟ  
                      (4.5)  

Once the maximum OR for each relevant line has been identified, the l 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 capacity of all lines within the subsets ὒὨ can be aggregated.  

Firstly, the residual capacity for all the public transport lines in ὒὨȟ , is accumulated. 

Consequently, the aggregate residual capacity per mode j, at the public transport stop Á connected 

to the rerouting rai lway station Ù at a certain time of the day i is computed as in equation 4.6.  

ὙὅÁέȟÙύȟὮȟὭ ὙὅὭȟὰὮȟὨὭὶ ίȟὨ
 ɴὒὨÁέȟÙύȟ

                                                      τȢφ 

In the same way, the residual capacity per mode j, at a time of the day i, available at each railway 

station ώ  can be computed as in equation 4.7. 

ὙὅÙύȟὮȟὭ ὙὅÁέȟÙύȟὮȟὭ
 

                                                             τȢχ 

Ultimately, the net residual capacity at the station ώ  for all the modes available at the surrounding 

public transport stops at a certain time of the day, stands as generalized equation 4.8. 

ὝέὸὙὅÙύȟὭ ὙὅÙύȟὮȟὭ
 

                                                                 τȢψ 

As a whole, the element ὝέὸὙὅὁ◌ȟ░ reveals the general passenger rerouting potential for the 

affected stations across the disrupted area at a certain time of the day.  

4.6. Implemen tation  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 í Situation  

The simulated disruption in fi gure 4.18 transpires between the S-@_fl qr_rgmlq §@_b A_lnqr_rrµ

_lb §F_snr`_flfmd &Rgcd'µ dsjjw bgqpsnrgle rfc Q-@_fl rp_ddga rmu_pbq _lb dpmk Qrsrre_pr%q aclrp_j

station during the HVZ. As part of the DRP transport concept ὈὙὖ, two potential rerou ting 

strategies will be evaluated.  

 

Figure 4.18 Stuttgartòs S-Bahn Lines S1, S2 and S3 around the Disrupted Area (VVS 2017; modified by author) 

Figure 4.19, depicts the modelling of both the railway and the  public transport networks within 

the framework of the DRP transport concept ὈὙὖ. The modelling includes the assessed rerouting 

locations (i.e. part of the subsets ὣὨȟὃὨȟὅὅ) and the already identified public transport lines (i.e. 

ὒὨȟ ) .  

 

Figure 4.19 Example of the implementation of the proposed modelling framework in  a disrupted scenario (by author) 

ὈὙὖ envisions the rerouting of passengers traveljgle ml jglc Q/ gl rfc bgpcargml md Qrsrre_pr%q

aclrp_j qr_rgml &F_snr`_flfmd'* _r qr_rgml §SlrcprĈpifcgkµ &g,c,ὣ) to the light rail line U4. 

Furthermore, it anticipates the rerouting of passengers on lines S2 and S3 also in direction to 

Qrsrre_pr%q aclrp_j qr_rgml _r rfc qr_rgml §@_b A_lqr_rrµ (i.e. ὣ)  to the light rail line U14. The 

objective of both passenger rerouting strategies foreseen to be the element CBD (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 

qualities (e.g. mobility center of gravity , stops within the core) must be identified for each of the 

networks being assessed. The 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. Features of the scheduled capacities may be derived from the local 

operators, particularly the utilized vehicle capacities, as these values fluctuate substantially 

between different operational environments. However, general values from table 2.15 detailed in 

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 already 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 figure 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 as detailed in table 4.14. Finally, the residual capacities for both lines are estimated. 

Table 4.14 Example of the estimation of the residual capacity for Stuttgartòs light rail lines U4 and U14 during the HVZ 

(by author)  

Assessed Station (═▀)  Untertürkheim ( ╪  
Bad Canstatt 

(╪  

Source or 

Calculation  

Lines U4 U14 DRP 

 Nodes in ὅὅ ὥȟὥ  ὥȟὥ  Figure 4.19 

1st  Node in ὅὅ ὥ ὥ Figure 4.4 

Modelled Links ὦȟὦȟὦȟὦȟὦ  ὦȟὦȟὦȟὦ  Figure 4.19 

Closest Node to ὅὄὈ ὥ ὥ 
DRP (ὃȢὈ ὃȢὈ   

Table 4.10 

Distance from CBD to Closest Node Inc. 

Ὗ Ὠ ά  
904 904 Table 4.10 

Evaluating Distance  (ὃὨ - ὅὄὈ) ( d)  ά  6585 5340 Measured 

Total Line Length (ὕ  ὅὄὈ (D) ά  6585 16120 Measured 

Norm. Evaluating Distance to ὣὨ  1 0.33 d/D  

Norm. Evaluating Distance to 1st ὅὅ  0.13 0.06 d/D  

Frequency άὭὲ 10 10 Timetable 

Avg. Vehicle Capacity ὖὥίίὩὲὫὩὶί 246 246 VVS 2016d 

Scheduled Capacity ὖὥίίȾὬὶ 1476 1476 Eqq. 4.3 

Occupancy at ὣὨ during HVZ Ϸ  9 36 Figure 4.10 

Max Occupancy at ὅὅ Ϸ  44 47 Eqq. 4.5 

Residual Capacity at ═▀ (╟╪▼▼Ⱦ▐►) 826 782 Eqq. 4.4 

 

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 its ability 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 vice-versa 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 each S-Bahn line (i.e. 1500 pass/hour/direction). What is 

kmpc* qglac rfc n_qqclecpq dpmk jglcq Q0 _lb Q1 _pc npmhcarcb rm `c pcpmsrcb gl rfc qr_rgml §@_b
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A_lqr_rrµ* rfgq k_icq rfgq lmbc n_prgasj_pjw tsjlcp_`jc _q rfc jgefr p_gj jglc S/2 umsjb mljw `c _`jc

to absorb around 782 passengers per hour per direction. 

4.7. Conclusions and Discussion of the Model 

As discussed throughout section 3.2.1, a model that allows decision-makers to support the 

development of passenger intermodal rerouting strategies by taking into consideration the residual 

capacity of local public transport systems needed to be designed as established by the specific 

objectives of the first Section of this work. The proposed model should provide a framework to 

assess and support the development of the intermodal rerouting strategies between commuter 

railway networks and local public transport means derived from exiting DRP transport concepts.   

The proposed model enables an assessment 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 railway-disruption 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 assessing intermodal 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 which the 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 evaluating tool with the potential to be 

included within existing  DRP developmental frameworks. Once the capacity limitation issues are 

identified  in specific locations, the rerouting measures to existing public transport structures 

foreseen in the DRP transport concept can be negotiated with the local public transport operators. 

In the same way, local public transport companies can also make use of the model to identify 

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 Section of this work has been achieved. 

The development and assessment of the DRP passenger rerouting strategies 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 also necessary to promptly 

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). Thus after 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 Qcargml%q identified objectives, requirements, and limitations.  

From this section, it can be concluded that the proposed model offers a solution to close the 

existing gap discussed in subsection 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 strategies in 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 in the 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 deployment 

qwqrck%q pcosgpckclrq _lb eclcp_j _nnpm_af &qcc qs`qcargmlq 1,2,0and 3.5.2). 

At the outset, it should be noted that the main role of the dynamic DRP deployment system is to 

serve as a semiautomatic decision-support mechanism supporting the real-time 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 purposes during 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 vary in extent or detail, the overall structure can be 

divided in to 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, considering both groups, 

rfc glnsr gldmpk_rgml gl rfgq kmbsjc gq bgtgbcb glrm uf_r ugjj fcpc_drcp `c pcdcppcb rm _q §qr_rgaµ

_lb §bwl_kgaµ gldmpk_rgml ajsqrcpq, 

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 3.2.2 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 dynamic deployment 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 later processing of the input  informatio n 

throughout the respective modules. 
























































































































































































































































































































































































































































































































































































































































































































































































































































